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ABSTRACT 
Because a true microgravity environment results in a reduction of mechanical forces 
on the human body, possibly at each level of physiological organization, we have 
investigated the effects of applying a stimulus in the form of fluid-induced shear stress to 
regenerating articular cartilage cultured in an environment hypothesized to simulate aspects 
of microgravity. Significant alterations to the NASA-designed rotating wall vessel were 
made to create a unique bioreactor specifically designed for this study. This distinctive 
reactor not only allowed us to apply fluid-induced shear stress to tissue constructs, it allowed 
for control of its magnitude, and for independent control of distinct microgravity conditions. 
Simulated microgravity conditions were found to decrease the concentration of cells 
and extracellular matrix components as has been observed in true microgravity. Our results 
provide support that rotational rate in horizontally rotating cultures affects cellular events 
and may have a direct relation in the simulation of aspects of microgravity. Negligible to 
low levels of shear stress had no significant effect on tissue cellularity until a higher level of 
shear was applied, suggesting a possible threshold value. The application of shear stress was 
found to slightly decrease glycosaminoglycan levels. We have uncovered evidence that the 
effects of fluid-induced shear stress and simulated microgravity interact to affect cell 
numbers and extracellular matrix production in regenerating cartilage tissue. Results of the 
interaction studies, that are the first of their kind, showed varying response due to shear 
depending on the condition of microgravity, and varying response due to microgravity 
conditions depending on the level of shear. 
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CHAPTER 1. INTRODUCTION 
1.1 Motivation 
During this last decade, a new field of engineering has evolved which is bridging the 
gap between the medical field and chemical engineering. Although "tissue engineering" is 
only in its embryonic stage, its evolution is eagerly awaited and is a discipline for which the 
future holds great promise. 
Currently, over 60,000 patients are waiting for organ transplants; an increasing 
percentage of those will die doing so. Estimated at 500 billion dollars in the U.S. alone, the 
costs associated with tissue loss and organ failure is an enormous burden not only to the 
recipient, but also to society (Handa, 1999). Alternative measures are desperately needed. 
Tissue engineering may provide such hope. The principle of tissue engineering is to grow 
living tissue in vitro to be implanted in vivo, for the repair, replacement, or enhancement of a 
defective tissue or organ. Generally, this process involves immobilizing living cells within a 
biological substrate. Often the primary function of the substrate is to act as a temporary 
structural scaffold for the developing tissue. The objective is to obtain a tissue sample that 
will biologically interact with the patient's existing tissue, becoming one entity. This tissue 
would ideally have the same biochemical, mechanical, and histological properties as would a 
healthy native tissue, secreting hormones and growth factors. 
Although we are presently far from creating entire complex organs, an initial 
breakthrough in tissue engineering began with Advanced Tissue Sciences' (La Jolla, CA) 
introduction of an FDA approved human-based skin substitute, TransCyte™, in 1997. With 
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over 100,000 treated burns per year, at an estimated cost of 70 million dollars, previous 
medical treatments were often long, painful, and labor intensive. Advanced Tissue 
Sciences' tissue-engineered skin has provided a faster, less painful, and more successful 
medical alternative (Handa, 1999). In 1998, Genzyme Corporation found success with an 
FDA approved treatment for the repair of small, localized cartilage defects. Consisting of 
cartilage cells suspended in a polymer solution, Carticel™ is injected into the defect where it 
attempts to regenerate functional tissue. Although this procedure provides hope for those 
few with new or limited damage, a need still exists for those with large or advanced damage. 
Tissue engineers throughout the world are now investigating virtually every tissue in 
the human body, but perhaps the most promising tissue to be engineered in the near-term is 
that of cartilage. When the cartilage that covers the ends of bones becomes damaged, 
through either traumatic injury or gradual degradation, the unique mechanical properties it 
possesses are compromised. Because this tissue has a very limited ability to repair itself, 
further degradation may occur, often resulting in osteoarthritis. Traditionally, treatments for 
this ailment have been unsatisfactory, ranging from pain medication, grafts, to total joint 
replacement. With approximately 35 million Americans suffering from osteoarthritis, and 
no known cure or satisfactory treatment, a successfully engineered cartilage implant would 
revolutionize orthopedic medicine. Yet, much is still to be known before a fully functioning 
tissue is to be grown in vitro. 
Since cartilage is a very dynamic tissue, subject to many forces in vivo, it is essential 
to study how these forces affect developing tissue. Most research to date has focused on 
mechanical and hydrodynamic compression. Only recently has the importance of fluid flow 
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and shear stress on in vitro cultures been realized. Therefore, it is the purpose of this 
research project to investigate how the application of shear stress to polymer/cartilage-cell 
constructs affects tissue development. Because the bone formation/résorption process and 
skeletal tissue development have been found to be adversely affected in space, and could 
therefore be a limiting factor in long-term space inhabitation, investigating tissue 
engineering in a microgravity environment is of great interest to NASA. Due to the 
complexities, costs, and limited accessibility for space-flown experiments, we performed 
ground-based experiments in a unique reactor vessel developed by NASA which allowed us 
to assess the effects of shear stress and simulated aspects of microgravity on cartilage tissue 
development. 
1.2 Dissertation Organization 
This dissertation is organized into seven chapters. The next chapter provides 
background information which includes an extensive literature review of studies relating to 
articular cartilage regeneration. This is followed by Chapter 3 containing descriptions and 
schematics of innovative reactor designs utilized in this study. Materials and methods 
employed in this investigation such as the experimental setup and assay protocols, among 
others, are discussed in detail in Chapter 4. The results of this research project are then 
presented and discussed in Chapters 5 and 6. We conclude this dissertation with a statement 
of our findings and recommendations for future work. 
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CHAPTER 2. BACKGROUND INFORMATION 
2.1 Aspects of articular cartilage 
2.1.1 Introduction 
Free-moving joints such as knees, hips, elbows, and fingers are known as diarthrodial 
joints, or alternatively, synovial joints. Covering the ends of these bones is a nearly 
frictionless and extremely wear-resistant tissue known as articular cartilage (see Figure 2.1). 
This type of cartilage differs structurally and biochemically from the cartilage found in other 
areas of the body. Elastic cartilage, located in the ears for example, is comprised of elastic 
fibers giving it rather flexible properties. The cartilage found in the spinal column is known 
as fibrocartilage, having both flexibility and moderate mechanical stability. In contrast, the 
composition and structure of articular cartilage provides this tissue with a unique set of 
properties that cannot be duplicated by synthetic materials. 
With a thickness of only 0.5-5mm, this tissue can sustain routine loads of up to ten 
times body weight (Mow et al., 1993). It is also estimated that a knee joint or hip may 
experience up to a million cycles of loading per year, and does so with a considerably low 
coefficient of friction. 
The cells of articular cartilage called chondrocytes comprise less than 5% of the 
tissue's volume, the lowest of all human tissues. It is these cells that synthesize the 
extracellular matrix components that make up the tissue. In addition to chondrocytes, 
a 
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Figure 2.1 Anatomy of a human knee joint (Mow and Ratcliffe, 1992). 
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articular cartilage is composed of60-85% water and dissolved electrolytes, 15-22% 
collagen, 4-7% proteoglycans, and small amounts of non-collagenous proteins. Being an 
avascular tissue, it must rely on the synovial fluid within the joint cavity for nutrients. 
Perhaps the most interesting feature is the unique tri-zonal structural arrangement 
depicted in Figure 2.2. Articular cartilage consists of three distinct zones: the superficial 
tangential zone, the middle zone, and the deep zone (Mow and Ratcliffe, 1992). Comprising 
10-20% of the tissue, the superficial tangential zone contains elongated cells and fine 
collagen fibrils which tend to align parallel to the articulating surface. In the middle zone, 
40-60% of the tissue, spherical cells and collagen are more or less randomly distributed. The 
cells in the deep zone (30%) tend to organize into columns, with large bundles of collagen 
also organized perpendicular to the deep surface. These bundles cross into the calcified 
cartilage, anchoring the tissue into the subchondral bone (Mow and Ratcliffe, 1992). It is 
this structure that imparts articular cartilage with the remarkable ability to withstand the 
intense forces to which it is subjected. 
2.1.2 Collagen 
Found throughout the animal kingdom, the family of fibrous glycoproteins known as 
collagens plays a vital role in the extracellular matrix of many tissues ranging from skin, 
tendon, and cartilage to the cornea in the eye. While more than 15 types have been 
identified, and found to differ chemically and structurally, all collagen types do share 
common features. They are all composed of three left-handed coiled a chains, coiled around 
each other in a right-handed helix called tropocollagen (Karp, 1996). Each of these a chains 
is made up of the sequence gly-pro-X, where X is often hydroxyproline. Outside the cell, 
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Figure 2.2 Sections of articular cartilage depicting its tri-zonal arrangement: 
a.) cellular organization, b.) collagen fibril organization (Mow and Ratcliffe, 1992). 
8 
tropocollagen molecules polymerize and form larger collagen fibers (Mow and Ratcliffe, 
1992). 
An intriguing feature of chondrocytes is their ability to synthesize a variety of 
collagen types. If grown in a monolayer, such as on a petri dish, chondrocytes 
dedifferentiate into a fibroblast-like phenotype and produce type I collagen as found in 
fibrocartilage. Alternatively, if these chondrocytes are grown in a three-dimensional 
environment, these cells will produce type II collagen. 
As the main component in the extracellular matrix of articular cartilage, type II 
collagen provides half the framework for the tissue's crucial mechanical properties. 
Although it is the primary and most vital collagen type, articular cartilage also contains types 
VI, IX, and XI. Together types H, IX, and XI form the fibrillar extracellular network giving 
the tissue tensile stiffness and strength. Type VI is found in the pericellular matrix and may 
play a role in the attachment of the chondrocyte to the extracellular matrix (Buckwalter and 
Mankin, 1998). Type IX collagen has the unique property that it does not form fibrils with 
itself, but rather, is found covalently cross-linked on the surface of type II fibrils. Although 
the function of this collagen is unknown, it may play a role in limiting fibril-fibril 
interactions and in controlling fibril diameter, or may interact with proteoglycans (Mayne 
1990). This is supported by the fact that type II collagen in articular cartilage does not form 
very large bundles, estimated at 20-200nm in diameter (Mow and Ratcliffe, 1992). Type XI 
is found along with type II fibrils, but it is unknown whether they are embedded within or on 
the fiber's surface (Mayne, 1990). Although much lower in total collagen content, it has 
been shown that tissue-engineered cartilage could be produced in which the ratio of types H, 
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EX, and XI were similar to native tissue. In addition, the organization, density, and fibril 
diameters were not significantly different (Riesle et al., 1998). 
2.1.3 Proteoglycans 
As the other main component of the extracellular matrix, proteoglycans are 
responsible for the tissue's remarkable compressive strength. A proteoglycan monomer 
consists of a protein core to which a large number of sulphated glycosaminoglycan (SGAG 
or simply GAG) molecules covalently bind. The molecular weights of these monomers 
range from lxlO6 to 4xl06D and are 10"* to lO^m in length. The GAG present is in the form 
of chondroitin sulphate and keratan sulphate, the proportions of which change as the animal 
ages. The highly ordered structure of proteoglycans is shown in Figure 2.3. Stabilized by 
link protein, numerous proteoglycan monomers bind to a long unbranched filament of 
hyaluronic acid, forming aggregates. The size of these aggregates, or aggrecan, is dependent 
upon the length of the hyaluronate chain and can reach 3.5xl08D. Proteoglycans in articular 
cartilage are found 50-85% as aggregates, 10-40% as large non-aggregates, and the rest as 
other distinct small proteoglycans (Mow and Ratcliffe, 1992). 
Synthesis of aggrecan begins with the generation of core protein in the endoplasmic 
reticulum, which is then transferred to the Golgi complex where GAG chains are 
enzymatically added (Mow and Ratcliffe, 1992). The proteoglycan monomer is secreted 
from the chondrocyte into the pericellular matrix. Although link protein is a different gene 
product, it is generally synthesized simultaneously and at similar rates as proteoglycan, and 
secreted through the same vesicles. Because hyaluronate is synthesized by different 
pathways, it is known that proteoglycan aggregation occurs in the extracellular matrix. 
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Figure 2.3 Schematic representation of microscopic and macroscopic views of the structure 
of a proteoglycan aggregate (Voet and Voet, 1995). 
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2.1.4 Proteoglycan-collagen interactions 
It is important to realize that the proteoglycan and the collagen networks do not act 
independently of one another. In fact, the interaction of these networks forms a fiber-
reinforced complex providing both tensile stiffness and strength and compressive stiffness. 
Although little is known of these interactions, there appears to be no covalent bonding 
involved. It does appear that the collagen network tends to increase the number and strength 
of interactions, while the aggrecan acts to reduce them (Zhu et al., 1996). 
2.2 Scaffolds and the Extracellular Matrix 
For many years, a tissue's extracellular matrix was thought only to provide it with 
structural support. Over the last few decades, the function of these structures has been found 
to extend far beyond being a mere structural backbone. Interactions between cells and their 
surrounding matrix have been found to influence such activities as cell adhesion and 
differentiation, cell growth and apoptosis, regulation of growth factors, and intracellular 
signaling (Martins-Green, 1997). Therefore, a prime consideration for tissue engineers is the 
choice of an optimal scaffolding material to act as a temporary, or permanent, extracellular 
matrix. 
When gels, such as agarose, began being used for tissue culture they allowed for 
three-dimensional structures to be grown. Unfortunately, gels provide little mechanical 
stability. Tiny spherical shaped polymer beads, called microcarriers, are now successfully 
used in tissue engineering, including cartilage regeneration (Baker and Goodwin, 1997). 
The goal is to attach the cells to the beads and coat the surface with matrix. Beads may 
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aggregate to form three-dimensional tissue-like constructs. Unfortunately, there is little 
control over the shape and size of aggregates. Aggregates also tend to be rather small, 
reaching up to only 5-7mm (Baker and Goodwin, 1997). On the other hand, a polymer mesh 
can provide a three-dimensional growth environment, possess mechanical strength, and be 
formed into a desired shape. 
Among the most explored support materials, polyglycolic acid (PGA) and 
poly(L)lactic acid (PLLA) are biocompatible and biodegradable polymers which have been 
used in the medical field for years and are readily available in porous mesh form. Having 
very different degradation rates, i.e. 4 weeks for PGA (Chu and Browning, 1978) and over 6 
months for PLLA (Mikos et al., Unpublished results), copolymer scaffolds can be created 
with varying degradation rates by altering their relative ratio. 
Freed et al. conducted a 6-week study, under static conditions, comparing cartilage 
regeneration on PGA and PLLA scaffolds (Freed et al., 1993a). The cell growth rate on the 
PGA samples was twice that of the PLLA samples, with final cell densities also being 
higher. In addition, high rates of GAG production were seen on PGA while minimal 
production was found on PLLA. The faster degrading PGA increased the space available for 
the cells to multiply and regenerate matrix. Extracellular matrix production appeared to 
occur in parallel to PGA degradation. 
More recently, other scaffolding materials have also shown promising results. In a 
study evaluating several matrix scaffolds, Grande et al. found chondrocytes to attach more 
efficiently on collagen matrices (type I-bovine fibrillar) than on polyglycolic acid. While all 
cells within the collagen matrix maintained a spherical morphology, chondrocytes expressed 
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a more flattened morphology when attached to the PGA fibers. It was also found that, 
although proteoglycan synthesis doubled with culture on PGA scaffolds, collagen matrices 
enhanced collagen synthesis four-fold (Grande et al., 1997). This indicates that perhaps a 
copolymer of these two materials could possibly enhance production of both matrix 
components. Nehrer et al. also found promise with copolymer matrices, comprised of either 
GAG-type I or GAG-type H collagen (Nehrer et al., 1998). 
23 Microgravity 
Because all organisms have evolved and continue to subsist subject to Earth's 
gravitational field, it is likely that an altered gravity environment, such as that experienced in 
spaceflight, will result in altered physiological conditions. The most well documented 
physiological alteration after spaceflight is the significant loss of bone mass. In some 
instances exceeding a loss of one percent per month, demineralization of weight-bearing 
bones poses perhaps the most significant risk and limitation to long-term space inhabitation 
(Committee on Space Biology and Medicine, 1998). Because development of the skeletal 
system proceeds through a process including the mineralization of cartilage tissue, the basic 
question of how bone is affected by spaceflight should also involve the study of articular 
cartilage in microgravity. 
To gain an understanding of just how altered gravity affects physiological processes, 
each level of biological organization must be considered. This would encompass an 
understanding of the events at molecular and cellular levels, to the more macroscopic 
properties at the organ and tissue levels, not to mention the effects upon the organism as a 
whole. At the molecular level for example, because buoyancy driven flows are negligible in 
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true microgravity, solute transport becomes diffusive (Todd and Klaus, 1996). Therefore, in 
the absence of additional induced convective flows, intracellular and extracellular transport 
of nutrients, intermediates, and waste products are severely inhibited. The weightlessness 
experienced in spaceflight is likely to directly affect whole organs and tissues accustomed to 
loads induced by Earth's gravity. For instance, diminished muscle activity, altered posture 
effects on the lungs, and negligible load on bone and articular cartilage are aberrations 
experienced in orbit. In addition, when in microgravity, an overall decrease in a body's pre-
stress is experienced by an organism as a whole, conceivably altering the stress of individual 
tissues (Ingber, 1999). Bearing in mind the unusual living and working conditions of long-
term space inhabitation, factors such as emotional stress and human behavior must also be 
considered in a thorough investigation of microgravity (Committee on Space Biology and 
Medicine, 1998). Without a doubt, the effects that gravity has at the cellular level is the 
least understood. With the exception of specialized plant cells, the majority of unicellular 
organisms have no specialized receptors that are used to sense gravity (gravireceptors). 
How or if animal cells sense gravity is unknown. Indeed, a topic of debate is whether a cell 
can actually sense gravity directly, i.e. whether the cell perceives changes in the 
gravitational force per se, or whether the cell is affected solely by indirect mechanisms, in 
which the cell responds to changes in the altered local environment (e.g. decreased mass 
transfer of solutes, altered loading in tissues, hormonal changes, etc...) (Albrecht-Buehler, 
1992; Cohen et al., 1998; Turner, 2000). It is unlikely that there is one key mechanism 
contributing to physiological modifications of spaceflight. Instead, it is rather likely that 
factors at each level of biological organization present significant contributions. For 
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example, in spite of extensive exercise programs to compensate for the lack of mechanical 
loading on the musculoskeletal system while in orbit, astronauts continue to lose a 
significant amount of bone mass (Committee on Space Biology and Medicine, 1998). To 
gain a comprehensive understanding of the impact of the space environment on the human 
and animal body, NASA has integrated a highly diverse and multidisciplinary approach for 
this research. 
In spite of several decades of spaceflight, and the limitations microgravity poses for 
long- term space inhabitation, a relatively modest number of space-based studies have been 
conducted, in part due to significant difficulties associated with doing so. Investigations 
involving humans is subject to small sample sizes with inhomogeneous ages, preexisting 
physical conditions, exercise regimes, and flight durations, to list just a few. Additionally, 
routine sampling and measuring may not be possible during flight. Animal studies have 
attempted to supplement human based studies because experiments can be conducted under 
a more controlled environment, animal-animal inhomogeneity can be reduced, and more 
invasive techniques performed (Turner, 2000). Yet, animal experiments have typically been 
limited to the use of rodents, also of a small sample size, and most of which are very young 
and still growing. 
The investigation of cartilage tissue in space has been no exception to this limitation, 
in which chondrogenesis has been studied primarily on the growth plates of spaceflown rats. 
In addition, the focus of these studies lay mainly on cartilage development as it relates to 
bone formation/mineralization. The first such study was performed aboard Cosmos 1129 in 
which abnormal collagen aggregation and delayed mineralization was detected in the growth 
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plates of rats (Matthews, 1981). Rats flown on Spacelab 3 suffered from a decreased height 
of the growth plate with thinner and shorter collagen fibrils. Abnormal patterns of 
proteoglycans were found within the plate, with more numerous but smaller sizes in each 
zone (Duke et al., 1985). This conflicts with findings from the Cosmos 1887 mission. 
Collagen fibrils were determined to be wider than ground based controls while 
proteoglycans were found to be larger and more numerous (Duke et al., 1990). No 
significant alteration in the extracellular matrix organization was detected in rats aboard 
Cosmos 2044 although alterations in cellularity and plate height were identified (Montufar-
Solis et al., 1992). An in vitro study of cultured mesenchyme cells (chondrocyte precursors) 
flown aboard space shuttle Discovery revealed that despite their differentiation into 
chondrocytes, there was a lack of extracellular matrix production (Duke et al., 1992). In 
vitro culture of chondrocyte-differentiated mouse mesenchyme cells were flown on three 
shuttle flights (STS-62, STS-63, and STS-77) and revealed decreased length in cartilage rod 
formation (Klement and Spooner, 1999). Because the primary focus of Klement's studies 
was on the growth plate formation and mineralization, cartilage extracellular matrix 
components were not examined. Furthermore, no study to date has utilized adult animals to 
investigate the effect of spaceflight on mature cartilage, leaving its impact on the tissue's 
biochemical and structural properties unknown. 
Therefore, ground-based methods are needed to supplement the moderately 
inaccessible and restricted space-flown experiments. Although ground-based investigations 
of hyper gravity conditions can easily be studied with centrifugation, it is impossible to 
reduce or eliminate Earth's gravitational force to study hypogravity. Fortunately, to 
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simulate conditions of spaceflight it is not necessary to reduce the magnitude of the 
gravitational force in the laboratory. In fact, the gravitational pull on the space shuttle or 
space stations orbiting the Earth is only about 10% less than that on Earth (NASA, 1999). 
At a precise altitude and velocity, the gravitational attraction between the craft and Earth is 
equal to the centripetal force, maintaining the vehicle's orbital path. 
msm0g _ m„v2 
~ 
where, 
me = mass of Earth 
mo = mass of orbiting object 
r = distance from center of Earth to object 
v = velocity of orbiting object 
Orbital spaceflight therefore results in a condition of "weightlessness" or "fireefall" in which 
the forces acting between the orbiting craft, its inhabitants, and all contents inside is 
effectively zero. It is this condition of weightlessness that has been termed "microgravity". 
It is therefore the concept of freefall, or weightlessness, that ground-based 
experiments have attempted to simulate. Parabolic airplane flights and sounding rockets 
have been used to achieve from 20-30 seconds to several minutes of freefall, respectively. 
Given these time frames, only rather short-lived experiments can be conducted to examine 
the influence of weightlessness upon cells or tissues. An additional drawback to these 
experimental methods is that the test samples are subjected to hypergravity conditions 
during both the pull up and pull out segments of the parabolic flight For example, a three 
minute parabolic flight includes 30 seconds at 2g, 25seconds of freefall, followed by 30 
seconds at 2g again (Guignandon et al., 1997). The effects of microgravity one is trying to 
ascertain may be difficult or impossible to uncouple from the consequences of hypergravity. 
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The most frequently used technique in microgravity simulation is clinorotation, or its 
modern variation, the rotating wall vessel. Both of these instruments are based on the 
concept of averaging the gravitational vector to zero as an object rotates around a 
horizontally oriented axis. The clinostat has been used for over a century, initially to 
examine the effect gravity randomization on plants. Clinostats are simply devices to which 
entire plants, animals, or culture flasks/plates are attached and rotated about the horizontal 
axis. The principle of clinorotation has been extended for use in tissue culture by the NASA 
designed rotating wall vessel. This vessel consists of two horizontally rotating concentric 
cylinders. When the annular space is completely filled with liquid, and the cylinders rotated 
at the same rotational rate, under steady state conditions, solid body rotation of the fluid 
occurs. If particles, such as microcarriers, cell aggregates, or polymer scaffolds are 
introduced into the liquid medium, these particles can be cultured under two distinct regimes 
that have been claimed to simulate microgravity. 
The first (Figure 2.4a), which has been claimed to simulate freefall conditions, 
occurs when the vessel walls, and hence the fluid, are rotating at a rate such that the drag 
force (Fd) on the polymer scaffold balances the centrifugal (Fe) and net gravitational forces 
(Fg). Since these vectors sum to zero, there is no net force on the scaffold. It remains at a 
stationary point within the reactor, in a state of freefall within the liquid (Freed et al., 1993b; 
Freed and Vunjak-Novakovic, 1995; Freed and Vunjak-Novakovic, 1997a). However, it is 
our viewpoint that although the polymer scaffold remains in a state of freefall through the 
liquid, this mode of operation does not simulate microgravity. First, because the construct 
does not rotate, at every point in time throughout the experiment the cell is subjected 
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unidirectionally to Earth's gravitational force, with no randomization occurring. Second, 
weightlessness results from a condition where gravity is not opposed by any other forces 
except inertial forces (Albrecht-Buehler, 1992). Therefore, the cells do not experience 
weightlessness in this regime since gravity is opposed by real forces on the cells (normal, 
drag, and adhesive forces through focal adhesions). 
The second mode of simulated microgravity (Figure 2.4b) occurs when the particle is 
entrained within the rotational fluid flow, rotating as a solid body with the fluid (Schwarz et 
al., 1992). Unfortunately, this orbiting regime is nearly always described simply as 
simulating microgravity through a randomization of the gravitational vector, without further 
explanation. To clarify, one must take on the perspective, or reference frame, of the rotating 
particle. Although the particle is constantly subjected to the Earth's gravitational pull, the 
net gravitational vector integrated over a complete revolution is zero. At every point in the 
particle's path (e.g. point A, Figure 2.4b) the vector points down, but 180° from this point 
where the particle is flipped 180° (point B, Figure 2.4b). from the reference frame of the 
revolving particle, the gravitational vector is equal but opposite to that from point A. Thus, 
over the timeframe of a complete revolution, the particle may sense a negligible net 
gravitational vector. Therefore, it has been suggested that only those gravitational responses 
requiring a timeframe greater than the period for one revolution would be expected to be 
altered under rotation (Sievers and Hejnowicz 1992; Akins et al., 1997). 
Nevertheless, further studies and theories are needed to elucidate just what cellular 
mechanisms are affected by this net nullification of the gravity vector, and whether this does 
actually simulates aspects of microgravity. Based on Stake's law of a sphere falling through 
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Fc  + Fg+Fd = 0 
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Figure 2.4 Depiction of culture regimes hypothesized to simulate aspects of microgravity: 
a.) freefall regime, b.) orbiting regime (Freed and Vunjak-Novakovic, 1995) . 
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a viscous medium, Dedolph and Dipert theorized that as a result of horizontal rotation, the 
fall of intracellular particles were restricted to a quasi-circular path. With increasing 
rotational speed, the radius of this circular path decreased to an insignificant size such that 
the position of the particle remained relatively stationary within the cell (Dedolph and 
Dipert, 1971). This condition may perhaps simulate an unweighting of these particles within 
the cell, such as mitochondria and the nucleus, as would be expected in true microgravity 
(Dedolph and Dipert, 1971; Kessler, 1992). Because this hypothesis has modeled the cell as 
containing free-floating spherical particles immersed within a free-flowing viscous fluid, 
since gained knowledge of intracellular organization has required modification to this model. 
In view of the recent evidence for the role of the cytoskeleton in 
mechanotransduction and gravisensing (Cipriano, 1991; Maniotis et al., 1997; Burger and 
Klein-Nulend, 1998; Ingber, 1998; Ingber, 1999; Oddou et al., 2000; Papaseit et al., 2000), 
Gruener proposed what he called the "tethered nucleus model" (Gruener, 1998). The 
nucleus is considered a mass held in place in a relatively stable position at steady-state by 
the cytoskeletal filaments. These filaments are modeled to behave as Hookian springs. 
When the cell is at unit gravity, the cytoskeletal filaments are subject to strain due to the 
gravitational pull on the nucleus. Cells subjected to horizontal rotation experience a 
physical displacement of the nucleus as it rolls around inside the cell, with the spring-like 
cytoskeleton pushing and pulling the nucleus as it moves. This is graphically represented in 
Figure 2.5 where the strain on the cytoskeleton follows a sinusoidal function, decreasing 
exponentially over time to a second sinusoidal function of lower amplitude. Given a 
sufficiently small amplitude and high enough frequency, this new equilibrium position 
22 
approaching zero strain may simulate that predicted of true microgravity (Gruener, 1998; 
Gruener, 2000; Gruener, personal communication). 
The nucleus may again be thought of as becoming unweighted, resulting in an altered 
state of the signal transducing cytoskeleton, both structurally and mechanically. Because 
clinostats and rotating wall vessels cannot truly simulate microgravity conditions, it is 
important to make the distinction that they may simulate aspects of microgravity. 
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Figure 2.5 Graphical representation of the modeled strain on the cytoskeleton during 
horizontal rotation (Gruener, 2000). 
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Despite the lack of substantiated theories or evidence that clinostats and rotating wall 
vessels provide valid simulations of spaceflight conditions, they have been gaining 
acceptance as a ground-based tool for preliminary and complimentary studies to spaceflown 
experiments. Additionally, tissue engineers have discovered the value of the rotating wall 
vessel in producing larger tissue-like samples over conventional culture methods. Because 
the developing tissue is hypothetically not restrained to two-dimensional growth resulting 
from Earth's gravity, the constructs are allowed to grow into a more three-dimensional 
structure (Klement and Spooner, 1993). Moreover, the low shear conditions attained in the 
solid body rotation of entrained microcarriers may allow for improved aggregation of the 
beads through enhanced cell-cell and cell-matrix contact, consequently yielding larger tissue 
constructs. Baby hamster kidney cells (BHK-21) have been uniformly seeded onto 
microcarriers, forming three-dimensional aggregates with enhanced bridging from bead to 
bead (Schwarz et al., 1992). Improved growth curves of BHK-21 cells were also seen under 
solid body rotation, forming more confluent and larger aggregates as compared to a higher 
shear environment (Goodwin et al., 1993). A human bladder epithelial cell line also showed 
improved three-dimensional aggregation (Prewett et al., 1993). In comparison to two-
dimensional culture, co-culture of cardiac cell types in RWV's produced large aggregates 
that more accurately resembled the three-dimensional structure of heart tissue found in vivo 
(Akins et al., 1997). Hepatocytes have also been successfully cultured to high density on 
microcarriers, forming small aggregates in rotary culture (Mitteregger et al., 1999). 
Among the numerous tissues attempted to be engineered with this technology is 
cartilage tissue. Mesenchyme cells grown on microcarriers in rotating wall vessels for 65 
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days differentiated into chondrocytes, producing large three-dimensional aggregates that 
stained positive for sulfated glycosaminoglycans (Duke et al., 1996). Peculiar "ruffled or 
peeled" areas of cells were detected by S EM (Duke et al., 1993), similar to an irregularity 
seen from mesenchyme cells flown aboard Discovery (Duke et al., 1992). Baker and 
Goodwin cultured articular chondrocytes on microcarriers that formed aggregates up to 5-
7mm, remained in the differentiated phenotype, and produced both GAG and type II 
collagen (Baker and Goodwin, 1997). Fabrication of septal cartilage for reconstructive 
surgery applications was investigated using polyglycolic acid scaffolds cultured in solid 
body rotation. Although structural integrity of the construct was lost after 17 days, evidence 
of extracellular matrix was observed among the fragmented fibers of polymer (FalsafI and 
Koch, 2000). 
In the first study to quantify extracellular matrix components of cartilage engineered 
in simulated microgravity, Freed and Vunjak-Novakovic compared chondrocyte/PGA 
constructs cultured under the orbiting regime with samples cultured under the freefall 
regime, in spinner flasks, and orbitally mixed petri dishes. After five weeks of cultivation, 
samples grown in solid body rotation had the lowest fractions of total regenerated tissue, 
contained the most water, and with the exception of petri dish samples, contained the fewest 
cells (Freed and Vunjak-Novakovic, 1997a). Freed et al was also fortunate to have 
conducted the longest cell culture experiment in space to date (Freed et al., 1997b). After 
three months of freefall culture on Earth, chondrocyte/PGA samples were transferred to 
space station Mir for an additional four months of culture. Unfortunately, control samples 
on Earth continued to be cultivated in the freefall regime. If cultured under the orbiting 
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regime, these controls would have provided an excellent opportunity to gain insight into the 
validation/rejection of simulated microgravity hypotheses. Nevertheless, Mir grown 
constructs were smaller and more spherical in shape while controls remained disk-shaped. 
Cell numbers and viability were not significantly different between the two groups. Mir 
constructs had similar amounts of collagen with comparable fibril diameter, but with 
randomly oriented organization. Control samples from Earth contained 2.5 times the GAG, 
resulting in an aggregate modulus three times higher than the Mir grown tissue. With the 
advent of the International Space Station, it is likely that greater possibilities lie ahead for 
space-based studies such as these. 
2.4 Mechanical forces 
For over two decades, researchers have investigated the effects of mechanical stimuli 
on articular cartilage. Yet, only recently have researchers been successful at exploiting 
mechanical stresses to stimulate tissue-like extracellular matrices. 
2.4.1 Compressive force 
Since the predominant force that articular cartilage is subjected to is compression, 
virtually all studies relating articular cartilage and mechanical stimuli have concentrated on 
applying mechanical compression or hydrostatic loading. Most of this research has been 
performed at pressure levels below physiological levels (0.013 to 2.0 MPa), with durations 
less than 24 hours. There is a great deal of evidence from these studies that static and low 
frequency cyclic loading (i.e., below approximately 0.01 Hz) inhibits matrix synthesis (Jones 
et al., 1982; Lippiello et al., 1985; Gray et al., 1988; Sah et al., 1989; Larsson et al., 1991; 
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Sah et al., 1991; Torzilli et al., 1997). Alternatively, under more dynamic conditions of 
higher frequency loading, extracellular matrix production has been shown to be promoted 
(van Kampen et al., 1985; Veldhuijzen et al., 1987; Sah et al., 1989; Larsson et al., 1991; 
Korvert et al., 1992). Parkkinen et al. obtained similar results evaluating 
hydostatic/dynamic pressurization effects in the physiological range at 5 MPa (Parkkinen et 
al., 1992). On the other hand, Torzilli et al. experienced decreased proteoglycan synthesis in 
both statically and dynamically compressed expiants subjected to 0.5-24 MPa pressure 
(Torzilli et al., 1997). Furthermore, Hall et al. found enhanced matrix production in expiants 
exposed to 5-10MPa hydostatic pressure, although increased pressures of20-50 MPa 
resulted in decreased synthesis (Hall et al., 1991). 
Heath and Magari were the first to conduct a long duration study of intermittent 
pressurization to chondrocyte-polymer constructs. Slight increases in extracellular matrix 
production where found after seven weeks of culture with intermittent hydrostatic pressures 
of 0.34 MPa (Magari, 1994; Heath and Magari, 1996). Increasing the magnitude of the 
intermittent hydrostatic pressure to physiological levels of 3.4 and 6.9 MPa, Heath and 
Carver found both increased GAG and collagen production with increased pressure (Carver 
and Heath, 1999a; Carver and Heath, 1999b). 
2.4.2 Fluid-induced shear stress 
With previous emphasis on mechanical loading, it has only been during the last 
several years that effects of hydrodynamic conditions on matrix production have been 
investigated. Hydrodynamic compression alone neglects to incorporate the importance of 
fluid flow as found in vivo. When an articulating joint is loaded, deformation of the articular 
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cartilage results in interstitial fluid flow through the pores of its extracellular matrix, 
increasing mass transfer within the tissue and generating fluid-induced shear stresses. Since 
cartilage is avascular, in the absence of this convective interstitial flow, all mass transfer of 
nutrients to the cells would have to occur by diffusion from the articular surface. In vitro, 
dynamically loaded cartilage expiants experienced increased proteoglycan synthesis that 
where correlated to regions of high interstitial fluid flow (Buschmann et al., 1999). 
The first study to specifically examine the influence of applied fluid-induced shear 
on chondrocytes was performed by Smith et al. Using a cone viscometer, a shear stress of 
16 dynes/cm2 was applied to a monolayer culture for 3 days. Fluid-induced shear caused the 
chondrocytes to elongate and realign tangential to the direction of rotation. 
Glycosaminoglycan production was found to increase 2-fold, along with the length of newly 
synthesized chains. While there was no detectable change in collagenase (responsible for 
collagen degradation) mRNA, the signal for ITMP-1 (inhibitor of collagenase) increased 
nine fold by twenty-four hours (Smith et al., 1995). mRNA signals were not detected for the 
cytokines (proteoglycan degradation) IL-la, IL-1(3, and TNF-tx, or for the growth factor 
TGF-J3 after fourty-eight hours (Mohtai et al., 1996). On the other hand, levels of 
Interleukin-6 (IL-6) were found to be eleven times greater in the medium of sheared 
chondrocytes compared to statically cultured cells. They later studied the effect of shear (4, 
8, and 16 dynes/cm2) on chondrocytes' production of nitric oxide, hypothesized as a possible 
influence in GAG metabolism. During the twenty-four hour experiment, nitric oxide 
production was strongly affected by the duration and magnitude of the applied shear (Das et 
al., 1997). Whether occurring independently or secondary to nitric oxide release, G protein 
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and Phospholipase C activation were implicated in the increase in glycosaminoglycan 
production in response to shear. 
Yellowley et al. has examined the influence of fluid-induced shear on intracellular 
calcium levels, [Ca+2]i, of chondrocytes in monolayer culture. Chondrocytes cultured on 
coverslips were exposed to shear stresses of 10,20, or 37 dynes/cm2 for 3 minutes in a 
parallel plate flow chamber (Yellowley et al., 1997). Although the amplitude of the 
response in cells was similar for all conditions, the number of cells responding with 
increased [Ca+2],- was seen to increase with the magnitude of shear. Since extracellular 
matrix production has been shown to be enhanced under dynamic compressive forces 
(Section 2.4.1), the application of dynamic shear stresses was examined at a frequency 0.5 
Hz. No difference in the amplitude of the response or the number of cells responding was 
seen between chondrocytes exposed to steady versus pulsatile flow. It was subsequently 
suggested that the shear induced rise in [Ca+2]z resulted from a combination of an influx of 
external Ca+2 and release from Ca+2 intracellular stores, possibly modulated by G protein 
activation (Yellowley et al., 1999). Although their previous study indicated no effect of 
pulsatile flow, they recently studied whether oscillating flow (i.e. reversal in direction of 
flow) would affect [Ca+2]i, since this flow regime better mimics in vivo conditions of 
interstitial flow during and after loading (Edlich et al., 2001). Monolayer chondrocytes 
subjected to fluid-induced shear stresses from 0.73 to 42 dynes/cm2 were exposed to 
oscillating flow at frequencies of 0.5, I, and 5 Hz in a parallel plate flow chamber. The 
stimulatory response was found to decrease with increasing frequency of oscillation. 
Although steady flow stimulated a significantly larger number of cells compared to 
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oscillatory flow at the low shear levels, the difference in response diminished at higher shear 
stresses. 
Contrary to the shear-induced stimulation of proteoglycans seen by Smith et al., 
Hung et al. experienced a down regulation of the aggrecan gene in monolayer chondrocytes 
exposed to shear of magnitude 16 dynes/cm2 for two hours (Hung et al., 2000). Perhaps this 
discrepancy may be explained by the differing durations of each experiment and a 
transiently activated signaling cascade. The transient effect on the biosynthetic activity may 
subside long before the 72 hour time point, and may thus be overcome by other more 
dominant regulatory processes (Hung et al., 2000). 
While these previous studies are beginning to elucidate effects of fluid-induced shear 
stress on chondrocytes, their present value to the tissue engineer is somewhat restricted. 
First, all of these studies were conducted on monolayer cultures of chondrocytes, with 
altered cell morphology and lacking tissue-like three-dimensionality. Second, while tissue 
engineered samples are typically cultured for several weeks, these experiments ranged in 
time from 3 minutes up to 72 hours. As simply illustrated by the discrepancy between Hung 
and Smith, cellular events are transient. Clearly, results cannot simply be extrapolated from 
minutes or hours to the timeframe of weeks. Third, although the fluid-induced shear stress 
experienced by a chondrocyte in vivo is unknown, since fluid flow within articular cartilage 
is extremely low, in the magnitude of jim/s (Buschmann et al., 1999), the shear stresses 
applied in these experiments are likely to be much higher than physiological levels (Hung et 
al., 2000). In addition, as experienced in our preliminary experiments, until a significant 
amount of extracellular matrix has been secreted, typical cell/polymer constructs are rather 
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fragile and will not withstand the range of high shear forces in these studies. 
Although shear stress was not investigated per se, Freed et al. was the first to 
examine the effects of fluid flow and mixing upon tissue engineered cartilage. Under static 
conditions, mass transfer of nutrients became diffusionally limited as more and more 
extracellular matrix was produced by chondrocytes seeded onto polyglycolic acid scaffolds. 
Major improvement could be achieved by increasing the mass transfer with the use of stirred 
bioreactors (Freed et al, 1993b). Constructs of greater thickness and cell density were 
achieved under mixed conditions as compared to static cultures. In static cultures, 
chondrocyte growth rates decreased with both increased scaffold thickness or increased cell 
density, while permeability to glucose decreased to 3% compared to PGA alone (Freed et al., 
1994b). In their next study they found that matrix production was enhanced with increasing 
the initial cell density seeded onto the polymer, decreasing scaffold thickness, mixing during 
the initial cell seeding of the polymer, and mixing during the culture period. Mixed 
conditions resulted in a more even cell distribution within the polymer matrix and improved 
nutrient diffusion (Freed et al., 1994a; Vunjak-Novakovic et al., 1998). Improving upon the 
mixing environment, they utilized spinner flasks to produce what was the thickest 
regenerated tissue to that date, again implicating the importance of fluid flow (Freed and 
Vunjak-Novakovic, 1996). Although tissue samples grown in spinner flasks were larger and 
contained more cells, greater enhancement of extracellular matrix production was 
accomplished in rotating wall vessels under the freefall regime as described in Section 2.2 
(Freed and Vunjak-Novakovic, 1995; Freed and Vunjak-Novakovic, 1997a). Constructs 
grown in freefall had higher fractions of total regenerated tissue mass and of GAG, but 
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similar quantities of collagen. Histologically, tissue samples grown in the turbulent spinner 
flasks had a thick outer capsule made up of multiple cell layers with little or no GAG, 
whereas the surface of tissues from the rotating wall vessel where only one or two cells 
layers thick with high and spatially uniform GAG. Tissue grown in freefall was also 
mechanically superior to that grown in spinner flasks (Vunjak-Novakovic et al., 1999; 
Martin et al., 2000). When the culture period of engineered cartilage was extended to 
seven months in freefall, glycosaminoglycan levels increased to exceed that of native tissue, 
and mechanically, had similar equilibrium moduli (Freed et al., 1997b; Martin et al., 2000). 
Alternatively, collagen levels peaked after six weeks of culture, reaching 39% of 
physiological levels. Although the freefàlling constructs remained at a stationary point 
within the reactor, they became aligned such that their flat surface was perpendicular to 
flow, oscillating and tumbling about their diameter with small amplitude. It was suggested 
that these fluctuations resulted in a highly hydrodynamic culture environment, possibly 
resembling aspects of mechanical loading, therefore enhancing tissue regeneration (Freed 
and Vunjak-Novakovic, 1995; Freed and Vunjak-Novakovic, 1997a; Vunjak-Novakovic et 
al., 1999; Martin et al., 2000). 
To examine the effects of prescribed levels of fluid-induced shear stress on articular 
cartilage regeneration, Saini and Wick utilized a bioreactor resembling a concentric cylinder 
viscometer. Chondrocytes were seeded onto porous PLLA/PLGA (poly (L-lactic acid)/poly 
(DL-lactic-co-glycolic acid)) copolymer foams and subjected to shear stresses of 0.28-1.10 
dynes/cm2. After four days of culture, maximum GAG production was achieved with a 
shear stress application of 0.52 dynes/cm2 (Saini et al., 1999). In longer-term culture of four 
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weeks, the various levels of shear had no apparent effect on GAG production or on 
cellularity, but they did affect the tissues' collagen content. Maximal collagen production 
was realized at a shear level of 0.46 dynes/cm2, decreasing at both lower and higher 
magnitudes (Saini and Wick, 2000). Although new and exciting results are continually 
being unveiled, we are far from uncovering all that must be learned about the influence of 
fluid flow and shear stress on cellular activity and extracellular matrix production. 
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CHAPTER 3. REACTOR DESCRIPTION AND 
EXPERIMENTAL SETUP 
3.1 Description of Reactors 
3.1.1 Traditional rotating wall vessels 
The traditional rotating wall vessel has been commercially available in two basic 
batch mode designs. The High Aspect Ratio Vessels (HARV) is simply a disk shaped 
reactor with a flat membrane as one of the disk faces. The diameter to length ratio of the 
vessel is large to maximize surface area for oxygenation through the membrane and 
minimize oxygen concentration gradients through the length of the vessel. The second 
design, termed Slow Turning Lateral Vessel (STLV), consists of two concentric cylinders, 
with the culture chamber consisting of the annular space between these cylinders. However, 
in this design, oxygen can be pumped through the membrane-covered porous inner cylinder. 
Since oxygenation need not occur through the face (end) of the reactor, the vessel length is 
much larger and the diameter smaller. 
3.1.2 Modified rotating wall vessels 
In order to accomplish the goals of this research project, the typical RWV required 
significant alterations. We began by changing the operational mode from batch to a 
perfusion system. Operating in batch mode would result in less desirable large fluctuations 
in nutrient and waste product concentrations. In this perfused system, medium was 
recirculated continuously through the reactor, waste and fresh medium replaced as 
frequently as desired, allowing for a more constant level of nutrients. 
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The most unique feature with our modified vessel is the ability to apply various 
levels of fluid-induced shear stress. The traditional RWV will not allow the researcher to 
control the fluid flow over the tissue samples. Diagrams of the reactor are found in Figures 
3.1 and 3.2. Four pairs of needles are mounted coaxial to the vessel walls, onto which cell-
polymer constructs are attached by simply threading them through the polymer mesh. As the 
vessel walls and fluid rotate as a solid body, the fluid flowing over the constructs induces a 
shear stress. By rotating the set of needles independently from the vessel walls, hence at a 
different angular velocity, the velocity at which the fluid flows over the constructs can be 
changed, altering the level of shear stress. 
In addition to control of shear levels, these needles yield additional advantages. In a 
conventional RWV operating in the orbiting regime (Figure 2.4b), the free-floating rotating 
particles tend to bump into each other and into the vessel walls. In addition, as time 
progresses and tissue develops, the rotational rate must be adjusted to keep the constructs or 
aggregates from settling and tumbling (Duke et al., 1996; Baker and Goodwin, 1997). In 
instances, experiments were terminated when tumbling could no longer be controlled (Duke 
et al., 1996). Because aspects of microgravity simulation may be a function of rotational 
rate, as described in Section 2.2, adjusting this rate to keep the particles properly suspended 
results in a variation of a key parameter. Our modified RWV's allow for a constant and 
controlled rotation of our samples throughout the experiment Since the cell-polymer 
constructs are threaded onto the needles, they will not physically interact with each other or 
the vessel walls, and they are kept in a circular rotational path. Therefore, rotational rate can 
be controlled and investigated as an experimental parameter of simulated aspects of 
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Vessel Walls 
o 1 
Tissue/Polymer Constructs 
Figure 3.1 End view of the modified rotating wall vessel. Vessel walls rotate at the same 
angular velocity with each other. Tissue/polymer construct are independently controlled 
from the walls and may rotate at a different angular velocity. 
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Set of Support 
T issue/Polymer 
Figure 3.2 Side view of modified rotating wall vessel 
microgravity. 
Two separate stepper motors rotate vessel walls and the needle assembly. Variable 
speed control is accomplished with a potentiometer, and rotational rate is digitally displayed. 
At one end of the reactor are two stopcock valves that are used to remove air bubbles that 
accumulate inside the reactor. An access port approximately 1cm in diameter is also located 
at this end of the vessel for access to the vessel's annular space. Each pair of needles can be 
introduced or removed through this port. As can be seen in Figure 3.2, the four pairs of 
needles are temporarily, but securely, attached to a disk which rotates the needles 
independently of the vessel walls. 
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3.1.3 Reactors for shear stress only 
For experimental conditions that included only the application of shear stress, i.e. 
without simulating microgravity, we designed and fabricated a new set of bioreactors shown 
in Figures 3.3-3.7. In order to correlate the results from these new reactors with those from 
the rotating wall vessels, the internal dimensions of the culture chamber were made the same 
as those of the RWV's. The outer vessel wall had an inner diameter of 2.5", the inner 
cylinder had a diameter of 1.0", and the needles rotated about a diameter of 2.9 cm. Since 
these bioreactors were oriented vertically, simulation of microgravity was not induced on the 
vertically rotating samples. 
Figure 3.3 shows the general structure of the reactor while more detailed schematics of 
individual components are depicted in Figures 3.4-3.7. Connected through a coupling, a 
stepper motor rotates the reactor shaft that is attached to the reactor disk (Figure 3.6). 
Within this disk, the needle assemblies are secured with stainless steel set screws (Figure 
3.6-3.7). It is on these needles that the cell polymer constructs are threaded. Medium can be 
perfused through the reactor by way of the inlet and outlet ports. An o-ring seals the top of 
the vessel, and another o-ring prevents leakage around the rotating reactor shaft. Unlike the 
RWV's, the vessel walls of this reactor remain stationary, only the needle assemblies 
attached to the reactor shaft rotate. 
3.2 Reactor Modeling 
To obtain a simplified model for the shear stress over tissue constructs as function of 
rotational rate when cultured as described in Sections 3.1.2 and 3.1.3 and as depicted in 
Figure 3.1, we begin with the Navier-Stokes equation: 
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LEGEND 
1 - stepper motor 
2 - motor shaft 
3 - shaft coupling 
4 - reactor shaft 
5 - vessel top 
6 - stainless steel screws 
7-disk 
8 - outlet port 
9 - needles 
10 - central cylinder 
11- vessel wall 
12 - inlet port 
Figure 3.3 General design of the bioreactors utilized in those conditions when microgravity 
aspects were not simulated. 
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LEGEND 
1 - vessel wall 
2 - outlet port 
3 - central cylinder 
4 - screw holes 
5 - inlet port 
b.) 
Figure 3.4 Base of the shear-only reactors: a.) top view, b.) side view. 
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a.) 
LEGEND 
1 - vessel top 
2 - holes for screws 
3 - hole for shaft 
4 - bearing 
5 - seal 
6 - o-ring 
b.) 
2 
3 
Figure 3.5 Top of shear-only reactor: a.) top view, b.) side view. 
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LEGEND 
1 - stainless steel screws 
2 - shaft 
3 - disk 
4 - needle holder 
5 - needles 
Figure 3.6 Schematic of side view of disk/needle assembly and the reactor top. 
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LEGEND 
1 - needles 
2 - stainless steel set screws 
3 - needle holders 
Figure 3.7 Schematic of top view of disk/needle assembly. 
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with density p, viscosity 77, and pressure p. For two horizontal concentric cylinders of radius 
n and F2, rotating at the same angular velocity, containing a Newtonian fluid in the annular 
space (Figure 3.1), and using the following assumptions: 
1.) Steady state conditions 
2.) vz and vr are zero (although vz and vr will not be zero because of perfusion, they 
will be negligible) 
3.) ve is constant in the 8 and z direction 
equation 1 simplifies to: 
d ( \  d  \  
° = 
r,
~3i\~r~3rrr') 
(2) 
Under the no slip boundary conditions at n and t2, this yields the result: 
ve  = Ci lxr (3) 
where tii is the angular velocity of the cylinders (i.e. vessel walls). 
This indicates that the velocity profile is linear and the fluid rotates as a solid body with the 
cylinders' walls. Inserting our small flat plate at radius R, the velocity approaching the plate 
is ve = QiR. 
The next approximation is to assume that the fluid flow approaches the plate parallel 
to it, neglecting its curvilinear path. With the physical properties of the medium and the 
rotational rates used in these experiments, the range of Reynolds numbers obtained indicate 
a laminar boundary layer over the construct (plate) surface. Assuming negligible thickness 
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of the plate, the Blasius solution yields the shear stress at the wall of the plate (Tw), at a 
distance x along the direction of flow, to be: 
r= 0.332v (4) W — Y g -y 
X 
Therefore, the surface average shear stress <tw> can be calculated as: 
(5) 
<rw> = 2 x 0.332v/>J  ^
where / is the length of the plate in the direction of flow. If the plate is rotated at an angular 
velocity of the fluid velocity approaching the plate is simply v@= I Qi— Qa I x R. 
Therefore, the fluid-induced shear stress over the cell/polymer construct surface in the 
modified rotating wall vessel can be estimated by: 
<rw> = 0.664|(fi,-Q2)xR|%j^   ^
3 J System Setup 
The experimental setup used for these experiments is shown in Figure 3.8. A 
Watson-Marlow multi-channel peristaltic pump was used to recirculate medium through the 
reactor at Iml/min, a rate determined sufficient to keep the oxygen tension near 21%. Media 
was pumped through the reactor to a recirculation reservoir, via Pharmed tubing, where the 
medium became saturated with oxygen. Air containing 10% COz was pumped through two 
0.22pm filters into the headspace of the recirculation reservoir for pH buffering. The 
Watson-Marlow pump drew the oxygenated medium from the reservoir and transferred it 
back into the reactor. 
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Figure 3.8 Flow diagram for experimental setup. 
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Diverting the bioreactor's exiting stream to a flow-through oxygen probe allowed for 
monitoring of the oxygen content in the medium on a daily basis. The probe was also 
calibrated daily before each use by flowing 37°C nitrogen gas through a 0.22pm filter and 
then to the oxygen probe for a zero point,and a solution at 21% oxygen tension (sterile 
filtered air bubbled through sterile water at 37°C) through the electrode at lml/min. 
A timer controlled the frequency at which waste medium was pumped from the 
recirculation reservoir to a waste bottle, and fresh medium added to the reservoir. Medium 
was replenished at a rate of 25ml every other day (Vunjak-Novakovxc et al., 1996; 
Obradovic et al., 1999). The bioreactor, oxygen probe, and recirculation reservoir were 
enclosed within a temperature controlled Plexiglas chamber. With an electrical heater, 
thermocouple, temperature controller, and 2 small fans for convection, the temperature 
inside the chamber was maintained at 37.0 +/- 0.1°C. 
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CHAPTER 4. MATERIALS AND METHODS 
4.1 Chondrocyte Isolation 
Cartilage samples were aseptically removed from the stifle joint of horses within 48 
hours of death. Donor horses were euthanized for reasons unrelated to this study. Samples 
were transferred to the laboratory in a saline/gentamicin solution and refrigerated up to 24 
hours until further processing. Chondrocytes were isolated from the cartilage tissue 
according to a modification of the procedure described by Nixon et al (Nixon et al., 1992). 
Cartilage samples were placed in petri dishes and covered with digestion solution consisting 
of DMEM (Gibco) with 10% FBS (Gibco), 0.100% (w/v) type I collagenase (CLS-1, 
172U/mg; Worthington), and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin; 
Cellgro). Tissue samples were diced with a scalpel into approximately 1mm3 pieces, then 
transferred to a 150ml spinner flask containing 10ml of digestion solution per gram tissue. 
Spinner flasks were placed in a 37°C incubator (5% CO2) and stirred at 50 rpm for 18 to 20 
hours until most of the tissue had been digested. Digestate was filtered through a 40pm 
mesh (Spectrum) to remove any tissue fragments, rinsing the mesh twice with DMEM. This 
cell suspension was centrifuged at 260g for 60 minutes. After removal of the supernatant, 
the cell pellet formed was resuspended in chondrocyte medium containing DMEM, 10% 
FBS, antibiotics (50U/ml penicillin and 50fig/ml streptomycin), lOmM HEPES (Sigma), 
50|ig/ml ascorbic acid (Sigma), O.lmM nonessential amino acids (Sigma), and 0.40mM L-
proline (Sigma). A cell count was then performed using a hemacytometer and trypan blue 
(Sigma) dye exclusion. Cells were then prepared for cryogenic freezing as prescribed by 
48 
Nixon et al. Chondrocytes were suspended in chondrocyte media containing 10% DMSO 
(Fisher) at a final density of 5xl06 cells/ml. Cryotubes were placed in Styrofoam containers 
and frozen overnight at -70°C until cryogenically frozen. 
4.2 Polymer Constructs 
The tissue support matrix used in these studies was a polymer scaffold consisting of a 
non-woven mesh of polyglycolic acid, manufactured by Albany International Research Co. 
The PGA, punched into 10mm x 10mm square pads, was 2mm thick, had 13pm diameter 
fibers, a bulk density of 45mg/mm3, and 97% void volume. Ethylene oxide gas sterilization 
of the polymer was performed at the National Animal Disease Center (Ames, LA). 
43 Dynamic Cell Seeding 
PGA scaffolds were seeded external to the reactor, by a method based on that of 
Vunjak-Novakovic et al. (Vunjak-Novakovic et al., 1998). Each set of needles was threaded 
with two scaffolds each, using 1mm3 pieces of neoprene tubing to keep the pads from sliding 
along the needles. These were suspended inside a modified 250ml spinner flask (Kontes) as 
in Figure 4.1 and sterilized by ethylene oxide. Any toxic residue from the sterilization 
process was removed by three medium changes to the spinner flask over a twenty-four hour 
period. After addition of 4xl07 cells (5xl06 cells/scaffold) to the flask, the culture was 
placed in a 37° C incubator and stirred at 50rpm for seven days to allow for cell attachment 
and to initiate matrix production. The needle assemblies, supporting the cell-embedded 
PGA constructs, were then transferred into a sterile reactor, for application of shear stress 
and simulated aspects of microgravity. 
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Figure 4.1 Modified spinner flask for dynamic cell seeding onto PGA scaffolds. 
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4.4 Experimental Conditions 
Our modifications to the standard rotating wall vessel enabled us to treat rotational 
rate as an experimental parameter of simulating aspects of microgravity. These unique 
alterations also allowed us to simultaneously apply fluid-induced shear stress over the 
rotating constructs' surfaces. With the capability of varying each of these parameters 
independently, we could therefore investigate four items: 
1. Comparing the effect of simulating aspects of microgravity on tissue engineered 
cartilage versus pure lg samples. 
2. If rotational rate has a significant effect on simulating aspects of microgravity. 
3. The effect of a range of fluid-induced shear stresses on cartilage regeneration. 
4. Whether the effects of shear stress and simulated aspects of microgravity interact 
to produce an effect differing from what either variable produces independently. 
These objectives were studied under the experimental conditions listed in Table 4.1. 
The conditions of microgravity simulation were applied by horizontally rotating the 
constructs at 5rpm (Ml) and 10 rpm (M2). The condition of "pure lg" (MO), i.e. no 
simulation of microgravity, was performed in static culture (treatment MOSO) with no needle 
rotation and with vertical rotation in shear only treatments (M0S1, M0S2). Fluid-induced 
shear was applied to constructs through a differential in rotational rates between the vessel 
walls and the constructs as modeled in Section 3.2. Theoretically approaching zero shear 
requires a zero differential between the fluid (i.e., vessel walls) and constructs (SO). The 
lowest level of shear applied resulted from a 5rpm differential (SI), mid-shear from a lOrpm 
differential (S2), and the highest shear condition from a 20rpm difference between the tissue 
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Table 4.1 Rotational rates and resulting shear stresses of experimental parameters. 
Treatment 
Designation 
Vessel 
Orientation 
Needle/Construct 
Rotational Rate 
Vessel Wall 
Rotational 
Rate 
Differential Rate 
of Constructs and 
Walls 
Measured Shear 
Stress 
(dyne/cm2) 
MOSO Horizontal 0 rpm 0 rpm 0 rpm 0 
M0S1 Vertical 5 rpm 0 rpm 5 rpm 0.065 
M0S2 Vertical 10 rpm 0 rpm 10 rpm 0.20 
Ml SO Horizontal 5 rpm 5 rpm 0 rpm 0 
M1S1 Horizontal 5 rpm 10 rpm 5 rpm 0.065 
M1S2 Horizontal 5 rpm 15 rpm 10 rpm 0.20 
M1S3 Horizontal 5 rpm 25 rpm 20 rpm 0.48 
M2S0 Horizontal 10 rpm 10 rpm 0 rpm 0 
M2S1 Horizontal 10 rpm 15 rpm 5 rpm 0.065 
M2S3 Horizontal 10 rpm 30 rpm 20 rpm 0.48 
and vessel walls (S3). Corresponding measured shear stress values, as described in Section 
4.9, are also listed in Table 4.1 for each treatment. 
4.5 Collagen Assay 
The amount of total collagen per gram of tissue was determined quantitatively by 
measurement of the hydroxyproline content of the sample, as described by Woessner 
(Woessner, 1961). After the wet weight of the tissue sample was measured, the specimen 
was hydrolyzed by immersion in increasing concentrations of HCl for five minutes each, up 
to a final concentration of 6N. The sample was then hydrolyzed in the 6N HCl for 18 hours 
at 130 °C. This hydrolyzate was then diluted to 25.0ml and brought to pH 6-7 with 6N 
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NaOH. A buffer solution was prepared containing 0.238M citric acid monohydrate, 1.20% 
(v/v) glacial acetic acid, 0.882M sodium acetate trihydrate, and 0.850M NaOH in deionized 
water and adjusted to pH 6.0. (Chemicals were from Sigma unless indicated otherwise.) 
Next, a chloramine T solution was made by dissolving 62.0mM sodium 
p-Toluenesulfonochloramide in 20ml deionized water, adding 30ml ethylene glycol 
monomethyl ether (methyl cellosolve; Fisher) and 50ml buffer solution. 1.00ml chloramine 
T solution was added to a test tube containing 2.00ml of the diluted hydrolyzate to initiate 
oxidation. After 20 minutes at room temperature, 1.00ml of 3.15N perchloric acid was 
added to destroy the chloramine T. Five minutes later, 1.00ml of a 20% (w/v) solution of 
p-dimethylaminobenzaldehyde in methyl cellosolve was added. The sealed test tube was 
placed in a 60 ° C water bath for 20 minutes for chromogen formation. After cooling in tap 
water for 5 minutes, the absorbance at 557nm was measured on a Beckman DU 640 infrared 
spectrophotometer and compared against a hydroxyproline standard curve previously 
determined in our laboratory. Given a 20:3 ratio of collagen to hydoxyproline (Woessner 
1961), the total collagen content of the tissue sample was calculated. 
4.6 SGAG Assay 
Measurement of the sulphated glycosaminoglycan content of the tissue was 
determined using a dimethylmethylene blue assay on papain-digested samples, based on the 
method described by Famdale et al. (Famdale et al., 1986). The tissue sample was dried in a 
dessicator overnight and the resulting dry weight recorded. 5mM Na%EDTA (Fisher), 5mM 
cysteine (Sigma), and 125jxg/ml papain (Sigma) was dissolved in 0.1 M phosphate-buffered 
solution (PBS; Sigma) and adjusted to pH 6.0 to prepare a papain digestion solution. 
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1.00ml of this papain solution was added to the dried sample that was then placed in a 60°C 
oven for 22 hours to digest. A dye solution of0.0460mM 1,9-dimethylmethylene blue 
(Aldrich), 40.5mM glycine (Sigma), 40.6mMNaCl, and 9.5% (v/v) 0.1N HCl in deionized 
water was prepared and stored in an amber bottle at room temperature to prevent color 
fading. 2.00ml dye solution was added to an aliquot of digested sample, and the absorbance 
at 525nm was quickly read. This value was compared against a previously determined 
standard curve in our laboratory and used to calculate the quantity of SGAG per gram of 
tissue. 
4.7 Fluorometric DNA Assay 
Using the method described by Kim et al. (Kim et al., 1988), the number of cells in 
the tissue was determined by quantifying the amount of DNA in the papain digests. Double-
stranded DNA could be selectively detected by the binding of the Hoechst 33258 dye and 
detected fluorometrically. Using a concentration of 7.7pg DNA per chondrocyte (Kim et al., 
1988), the number of cells could be calculated against a known standard of calf thymus 
DNA. A 10X TNE buffer was prepared from lOOmM Tris (Sigma), lOmM disodium EDTA 
(Fisher), and 2M NaCl dissolved in deionized water and adjusted to pH 7.4. A stock 
solution of Hoechst 33258 dye consisted of lOmg Hoechst 33258 dye diluted to 10ml in 
deionized water. lOfil of the stock solution was added to 10ml buffer and 90ml deionized 
water to create the assay solution. A standard of known DNA content was prepared from 5 
units calf thymus DNA (Hoefer Pharmaica Biotech), 250ja1 TNE buffer, and 2250|il 
deionized water. 
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The Hoefer DyNA Quant 200 fluorometer was used to measure the emission at 
480nm for the excitation wavelength at 365nm_ An aliquot of the papain digest described in 
Section 4.6 was accurately added to a quartz cuvette to which 2.00ml assay solution was 
then added. The fluorescence measurement directly yielded the DNA concentration in the 
sample by comparison to the DNA standard solution. 
4.8 Light Microscopy 
The distribution of glycosaminoglycans, type II collagen, and cells within the tissue 
sample were examined by immunohistochemistry and light microscopy. A 10% neutral 
buffered formalin solution was used to fix the cartilage samples. After a series of ethanol 
dehydrations, the tissue was then embedded in paraffin. Procedures were conducted in the 
Histopathology Laboratory of the Department of Veterinary Pathology at Iowa State 
University. Alcian Blue and Hematoxylin and Eosin staining were performed in the 
automated Leica Autostainer XL. 
4.8.1 Hematoxylin and Eosin 
For routine examination of cells and tissue components, paraffin sections were cut at 
5|im, deparaffinized and rehydrated. Sections were stained in Shandon Instant Hematoxylin 
(Shandon/Lipshaw) for 5 minutes, then rinsed in tap water for 1 minute to remove excess 
hematoxylin. Samples were dipped twice in 0.5% acid alcohol to remove background 
hematoxylin and differentiate nuclear staining. After rinsing with tap water, sections were 
transferred to Scott's Tap Water Substitute (1.00% anhydrous magnesium sulfate and 0.20% 
sodium bicarbonate in distilled water) for one minute. Following a brief rinse in tap water, 
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dehydration was initiated in 80% ethanol for one minute. Sections were then stained in 
eosin solution for 48 seconds and subsequently dehydrated once again. Eosin solution was 
prepared from 10g eosin Y (Sigma) in 200ml ultrapure water, then mixed with 3300ml 
ethanol and 20ml glacial acetic acid. 
4.8.2 AlcianBlue 
To examine the sulfated glycosaminoglycans in the tissue samples, paraffin sections 
were cut at 5pm, deparaffinized and rehydrated. Slides were placed in 3% acetic acid for 3 
minutes to mordant Samples were transferred to a pH 2.5 Alcian Blue solution for 30 
minutes consisting of 1.0% Alcian Blue 8GX (Sigma) in 3% acetic acid. Following a 10 
minute rinse in tap water, slides were briefly rinsed in distilled water, counterstained in 
Nuclear Fast Red (Sigma) solution for 5 minutes, and subsequently dehydrated. 
4.8.3 Type II Collagen 
To complement the hydroxyproline assay that quantifies the amount of total collagen, 
irrespective of type, an immunohistochemistry procedure was performed to specifically stain 
for type II collagen in the tissue. Rat anti-bovine type II collagen primary antibody was 
graciously provided by Dr. Michael Cremer, Veterans Administration Hospital, Memphis, 
Tennessee. 
Paraffin sections were cut to 3pm, deparaffinized and rehydrated. To facilitate 
antibody penetration, samples were digested in 0.5% testicular hyaluronidase (Sigma) in 
0.01M PBS for 60 minutes, then washed twice with PBS. Endogenous peroxidase activity 
was blocked with 3.0% hydrogen peroxide (Fisher) in methanol for 20 minutes, then washed 
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twice in PBS. Nonspecific binding was blocked with 10% normal goat serum in PBS for 20 
minutes. Rat anti-bovine type II collagen primary antibody diluted 1:100 in PBS was 
applied for 2 hours, followed by a PBS wash. The secondary antibody, biotinylated anti-
goat IgG (Vector Laboratories) diluted 1:80, was then applied for 20 minutes, rinsed with 
PBS, followed by binding of Strep tavidin Horseradish Peroxidase Conjugate (Zymed 
Laboratories) diluted 1:200 for 20 minutes. Following two washes in PBS, type II collagen 
specific staining was completed with a 12 minute application of Nova Red Substrate (Vector 
Laboratories), and a one minute hematoxylin counterstain. 
4.9 Shear Stress Measurement 
We have developed a method to measure the shear stress encountered by the tissue 
constructs in our rotating systems by employing a Brookfield LVDV-II digital viscometer. 
Although this instrument is typically used to measure fluid viscosities, the principles of its 
operation can be adapted for use in our application. In the general mode of operation, a 
drive spindle attached to the viscometer is immersed vertically into a test fluid and rotated. 
Viscous drag of the fluid on the rotating spindle is measured by the deflection of a calibrated 
spring connected to the spindle through a rotary transducer. 
The reactors described in Section 3.1.3, and depicted in Figures 3.3-3.7, were used in 
this procedure. Because these bioreactors were designed to have the same internal 
dimensions as the rotating wall vessels, similar measured values would be expected with 
those reactors as well. The shaft normally connecting the needle/disk assembly to the motor 
was replaced with a smaller 0.125 inch diameter shaft so that no contact was made with the 
seal or bearing during rotation, thus eliminating factional resistance between the shaft and 
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seal. Shown in Figure 4.2, this shaft was then connected to the viscometer instead of the 
motor. The reactor chamber was filled with chondrocyte media and kept at 37 °C by placing 
the reactor in a water bath. At specific rotational rates input into the viscometer, the viscous 
drag over the disk/needles/constructs was measured. Measurements were also recorded 
without constructs attached to the needles to obtain the drag resulting from the disk and 
needles. This second measurement was subtracted from the first, to obtain the drag resulting 
exclusively from the constructs. Although perhaps not completely accurate, we reasonably 
assumed that pressure drag was negligible and that the measured drag was composed 
completely of shear stress. Therefore, the torque measurements were divided by the two flat 
surface areas (1.0 cm x 1.0 cm per surface) of the eight PGA scaffolds to obtain a reasonable 
approximation of the fluid-induced shear over the surfaces of the constructs. It can be seen 
in Figure 4.3 that our data suggests that shear stress is a function of rotational rate with 
exponent 1.49. This is in near perfect agreement with our modeled shear stress in Section 
3.2, where it was a function of rotation with exponent 1.5. 
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Figure 4.3 Plot of shear stress values as a function of rotational rate 
58 
Brookfield 
M 
Connection to 
ring/rotary 
transducer 
Figure 4.2 Experimental setup for shear stress measurement. A Brookfield viscometer is 
connected to the "shear only" reactor and measures the drag force as the tissue constructs 
rotate in the culture medium. 
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4.10 Statistical Methods 
4.10.1 Description of resulting data 
From the discussion of experimental conditions, the effects of four different levels of 
shear (SO, SI, S2, S3) and three conditions of microgravity (MO, Ml, M2) were investigated. 
The actual values for shear and parameter values for simulated microgravity of each 
treatment can be found in Table 4.1. The data gathered resulted in a 4x3 experimental layout 
shown in Figure 4.4 with two missing cells (i.e., 10 unique experimental conditions) and 
unequal samples sizes of 3 to7. 
The missing cells were the result of microbial infections in cultures and irreversible 
bioreactor break down. Detailed sample numbers for each condition for each assay can be 
seen in Appendix A. In addition, for each sample, two to three measurements of each assay 
were made in order to account for measurement variability. The following six 
characteristics of the regenerated tissue were obtained and/or calculated using the assays 
described previously: 
• wet weight 
• number of cells per gram of wet tissue 
• GAG content per gram of dry tissue 
• GAG content per cell 
• collagen content per gram wet tissue 
• collagen content per cell 
This resulted in 6 matrices of data, i.e., one for each characteristic, to be analyzed. 
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MO Ml M2 
SO X X X 
SI X X X 
S2 X X 
S3 X X 
Figure 4.4 The experiments performed in the study. An X indicates data are 
available for the particular cell. 
4.10.2 Preliminary statistical analysis 
The mean and standard deviation of each treatment for each of the characteristics 
above were calculated. The grand average and the standard deviation over all treatments for 
each characteristic were obtained as well. 
Box and whiskers plots for each characteristic were generated. The midpoint of each 
"box" on these plots indicate the mean for a particular treatment condition and the 
"whiskers" indicate the value of the mean plus or minus the standard deviation. Two 
versions of box and whiskers plots were generated for each characteristic to better facilitate 
observing behavior due to shear and due to simulated microgravity. This was achieved by 
plotting groups of treatments according to levels of simulated microgravity and according to 
levels of fluid-induced shear. 
It was determined by comparing the calculated variances of the repeated assay 
measurements with the variance of the treatment means that overall measurement variability 
is negligible when compared to variability due to the effects of the treatments. Furthermore, 
the variances of the measurements per treatment were found to be statistically equivalent 
using an F-test with 95% confidence level. This was true for all assays. 
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The Tukey- Kramer procedure for unequal sample sizes was employed in order to 
conclusively see differences in cell means. Each possible pair of treatment means were 
compared using a test statistic with a null hypothesis of no significant difference between the 
two treatment means being tested, and then compared to the q studentized range distribution. 
A total of 45 tests, resulting fromlO treatment means compared 2 at a time, were performed 
for each characteristic. Since only pair-wise comparisons are being made, the Tukey-
Kramer procedure gives narrower confidence limits and is therefore the preferred method. A 
significance level of 0.10 was chosen for this analysis. The results of the set of pair-wise 
tests were summarized by setting up groups of factor levels whose means do not differ 
according to the tests. The resulting groupings are indicated by numerical superscripts in 
Tables 5.1 to 5.6, arranged in the order of decreasing group means, in other words 
superscript "1" indicates the highest group mean. 
4.10.3 Analysis of main effects and interactions 
It is necessary to consider the hypothesis of no interaction between the effects of 
simulated microgravity with the effects of shear first, since if there is an interaction effect, it 
is invalid to average the estimates of factor A effects (e.g., microgravity) over different 
levels of factor B (e.g., shear). Note that this averaging is a necessary step to determine the 
main effect of A In addition, in the presence of interaction, even if the effect of A is zero, it 
would not imply that factor A had no effect 
The presence of interaction is often investigated using a two-way analysis of variance 
(ANOVA). However, when one or several treatment cells are empty, the analysis of 
variance for unequal sample sizes by means of the equivalent regression model cannot be 
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conducted.1 However, this does not imply that a two-factor study cannot be performed. A 
variety of partial analyses usually can be conducted that can provide information on 
interaction effects (Wadsworth 1990; Neter, Kutner et al. 1996). Partial analyses can be 
performed as long as there exists a subset without empty cells from the treatment matrix for 
which more than one level of each factor is simultaneously represented (i.e., it should be at 
least of size 2 x 2). Hence, the location of the empty cells is the main limiting factor in 
being able to perform a comprehensive analysis as it controls the identification of relevant 
subsets that may be used. Moreover, the empty cells from the original matrix must not be 
structurally empty cells, Le., empty cells whose means are known beforehand to be 
impossible to obtain or are known not to exist. In the case of this study, we are certain that 
there exist actual means for these empty cells. However, due to complications in our 
experiments, the means were not obtained. Hence, we do not have structurally empty cells 
and this fulfills one of the requirements for a meaningful partial analyses. Based on the 
location of the empty cells of data, three subsets as shown in Figures 4.5a-c were identified 
for partial analyses. Two-way ANOVA's were performed for each subset, and the procedure 
1 When there are missing cells and unequal sample sizes in a two-way layout, it is still 
possible to analyze them using the general theory of linear models. The missing values are 
replaced with estimates chosen so as to minimize the SSE, and the associated degrees of 
freedom are reduced by the number of estimated values. The usual ANOVA then results in 
the same value for the MSE as the linear model approach. For empty cells, each missing 
value is replaced with a variable, and the SSE is computed in terms of these variables. The 
values of the variables are obtained by differentiating the SSE with respect to these 
variables, setting to zero, and solving the system of equations (Davies, 1978; Little, 1987). 
This process is mathematically cumbersome even for the simple case of a 2x2 layout and is 
almost impossible for the case of a 4x3. 
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was repeated for each measured characteristic. A constant significance level of 0.10 was 
used in all the F-tests. 
If no significant interactions between shear and microgravity were found, the 
analysis proceeded by investigating the main effects of the two factors from the ANOVA 
tables. If the corresponding p-value for each main effect was less than 0.10, then the factor 
was judged as having a significant main effect. 
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Figure 4.5. The datasets for partial analyses used in the interaction studies. An X 
indicates data was available for the particular treatment Shaded regions are the 
treatments used in the ANOVA. 
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As mentioned earlier, if there is a significant interaction, the significance of the main 
effects of simulated microgravity and shear stress cannot be determined from a simple two-
way ANOVA table. The effect of simulated microgravity must be studied separately for 
each level of shear, since the effect of simulated microgravity may change at different levels 
of shear. The same is true with the effects of shear at différent levels of simulated 
microgravity. For example, the effect of microgravity at the shear magnitude SI can be 
determined using a one-way ANOVA on all data collected with shear at level SI, as shown 
in Figure 4.6. Correspondingly, if one wishes to investigate the effect of shear at the M2 
condition of microgravity, a one-way ANOVA on all data collected with microgravity level 
M2, as illustrated in Figure 4.7, should be performed. A p-value of less than 0.10 indicates a 
significant effect of shear at a particular level of microgravity or vice versa. 
50 
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Figure 4.6. Shaded regions contain data used for the study of the effect of 
microgravity at the first level of shear (SI). 
MO Ml M2 
50 1 X I X jjijj 
51 X X B8RË 
52 X X 
Figure 4.7. Shaded regions contain data used for the study of the effect of shear at 
the second condition of microgravity (M2). 
MO Ml M2 
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An alternative and more visual way of interpreting interaction effects is by the use of 
categorized plots such as those found in Figures 5.1-5.6. These plots consist of panes 
containing the box and whiskers plots for each particular level of a factor. For example, in 
Figure 5.2a, the first pane contains the plots for data of treatments belonging to the lg 
condition (MO) across different levels of shear, enabling one to see the effect of shear at the 
MO microgravity condition. The second pane consists of the box and whiskers plots of 
treatments under the 5 rpm condition of microgravity (Ml) at different levels of shear. This 
pane allows inference of the effect of shear at Ml. A similar plot is produced for the 10 rpm 
microgravity condition (M2). An interaction becomes apparent when the resulting plots for 
the different microgravity conditions suggest significantly different trends or shape, i.e., one 
may be increasing, the other decreasing, or steady, or shows slower increase, or faster 
increase, etc. A conclusion that different effects of shear are seen at different levels of 
microgravity can then be drawn. In a similar manner, one may wish to study the panes of 
box and whiskers plots for different levels of shear instead of microgravity as in Figure 5.2b. 
In which case, we expect the same conclusion. 
Both the quantitative partial two-way and univariate ANOVA's, and the qualitative 
box and whiskers plots methods were employed in all the main effect and interaction 
analyses performed in this study. 
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CHAPTER 5. EXPERIMENTAL RESULTS 
5.1 Wet Weight 
Table 5.1 shows the average wet weight of the tissue samples for each experimental 
condition. Static culture (MOSO) resulted in tissue with the highest wet weight, greater than 
twice the next largest construct. The overall average weight was 0.034g. As can be seen in 
Figure 5.1b, with the exception of Ml S3, within each condition of microgravity an increase 
in the magnitude of shear resulted in a reduction of the constructs' wet weight. Figure 5.1a 
clearly shows that for each level of shear, those samples grown at lg (i.e., with no 
microgravity aspects simulated, MO) had the greatest mass, followed by those cultured under 
Ml. The conditions of M2 resulted in tissue with the smallest mass for each level of shear 
investigated. 
5.2 Cell Concentration 
Superscripts in Table 5.2 indicate groupings of conditions with statistically similar 
means obtained as previously described in Section 4.9. Groupings with the highest cell 
numbers are denoted with a superscript of 1 while those with the lowest are signified by a 
Table 5.1 Average wet weight (g) of engineered cartilage after 6 weeks of cultivation. 
MO Ml M2 
SO 0.08590 0.03921 0.02760 
SI 0.04110 0.03392 0.02292 
S2 0.02671 0.01654 NA 
S3 NA 0.03150 0.01549 
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SO S1 S2 S3 
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Figure 5.1 Box and whiskers plot for wet weight data: a.) grouped according to levels of 
microgravity. b.) grouped according to levels of shear. 
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Table 5.2 Cellular concentration of engineered cartilage (cells per gram wet tissue x 10"*) 
MO Ml M2 
SO 4.6 ± 0.352 0.75 ± 0.034 3.2 ± 0.323 
SI 5.4 ± 0.532 1.4 ±0.18* 1.5 ±0.194 
S2 3.4 ± 0.443 1.0±0.184 NA 
S3 NA 8.3 ±0.45' 5.4 ± 0.512 
superscript of 4. Note that column MO and row S3 are populated by superscripts 1 and 2 
indicating higher cell numbers. The highest shear cases (S3) resulted in the highest cellular 
concentrations, more than twice the mean for lower and zero shear groups. The mean cell 
concentration for the S3 group is about 7E+08, while the means for S0-S2 range from 2 to 
3E+08. In comparison, the overall mean for all samples was 3.4E+08 with the maximum 
occurring at M1S3 (8.3E+08) and the minimum at M1S0 (0.75E+08). According to the 
multivariate ANOVA study, there is a significant amount of interaction between the effects 
of microgravity and shear (p<0.01).2 This is also suggested by Figure 5.2b, in which the 
effect of microgravity is more apparent at higher levels of shear than at lower levels. As 
seen in Figure 5.2b and determined by ANOVA univariate tests, for each level of shear, 
application of microgravity conditions resulted in decreased cell proliferation (p<0.01). Not 
considering the high shear condition, the presence of microgravity resulted in at least a 50% 
decrease in cell number compared to lg samples. 
2 This ANOVA table, and subsequent ANOVA tables, can be found in the appendix. 
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Figure 5.2 Box and whiskers plot for cell concentration data: a.) grouped according to levels 
of microgravity. b.) grouped according to levels of shear. 
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53 Sulfated Glycosaminoglycan Content 
Table 5.3 shows the amount of GAG produced in the tissue constructs. As denoted 
by the superscripts, the upper left region consisting of the cells M0S0, M0S1, Ml SO and 
MIS 1 showed the highest amount of GAG which are on the average 30% greater than the 
overall mean of22,800 JJ-g/g- The minimum value of5430 |ig/g occurred at M1S2, which is 
about 75% less than the overall mean. Upon inspection of Figure 5.3b, it is very clear that at 
every level of shear, GAG content decreases from M0 through M2. Regardless of shear, 
tissue regenerated under conditions of Ml resulted in significantly lower GAG, i.e. 11% 
less, than those cultured at pure lg. Similarly, constructs subjected to conditions of M2 
produced significantly lower levels of GAG, i.e. 31% less, than those cultured under Ml. 
Univariate ANOVA tests and Figure 5.3a indicate that there exists a slight decrease in GAG 
with increasing shear under M0 and Ml (pcO.OOOl) while very little change, if at all, under 
M2 (p=0.1) suggesting the presence of interaction. 
5.4 Total Collagen Content 
The concentration of total collagen of regenerated cartilage for each cultivation 
condition can be seen in Table 5.4. The average concentration over all conditions was 
Table 5.3 GAG concentration of tissue constructs (fig GAG per gram dry tissue x 10"3) 
M0 Ml M2 
SO 33.1 ±0.65' 28.0 ±1.452 19.8 ±1.813 
SI 33.3 ± 1.731 23.8 ± 1.552 15.4 ± 0.9l4 
S2 21.3 ± 0.973 5.43 ± 0.535 NA 
S3 NA 25.8 ± 1.102 18.2 ±1.784 
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Figure 5.3 Box and whiskers plot for GAG concentration data: a.) grouped according to 
levels of microgravity. b.) grouped according to levels of shear. 
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Table 5.4 Concentration of total collagen in constructs (mg collagen per gram wet tissue) 
MO Ml M2 
SO 9.22 ± 0.261 3.89 ± 0.213 4.40 ± 0.203 
SI 4.64 ± 0.353 5.38 ±0.192 5.11 ±0.233 
S2 6.44 ± 0.292 2.15 ±0.204 NA 
S3 NA 5.84 ±0.162 231±0.124 
4.86mg/g, with the maximum concentration of 9.22 mg/g in the control sample (MOSO) and 
the minimum value of 2.15 mg/g resulting from treatment M1S2. With the exception of the 
SI group, which showed no significant effect, microgravity tended to decrease collagen 
production among other shear groupings as seen in Figure 5.4b and univariate ANOVA 
tables (pcO.OOOl). At lower shear levels there appears to be no obvious difference between 
the two simulated microgravity environments, in contrast to the high shear level where M2 
constructs contained 60% less collagen than Ml. When subjected to pure lg conditions, 
Figure 5.4a illustrates that shear has a much greater effect than when microgravity 
conditions were included. Individual univariate ANOVA tables support this with the MO 
group showing a significant decrease in production across shear levels (p<0.0001), and both 
Ml and M2 groups showing no or very little significant effect (p>0.10). This also suggests 
the presence of interaction between the effects of microgravity and shear, supported by 
multivariate ANOVA tests (pcO.OOOl). 
5.5 Sulfated Glycosaminoglycan Content - Per Cell Basis 
In contrast to examining bulk GAG production, by normalizing the GAG 
concentration to the cellular content of the tissue, the effect on the cells can be investigated. 
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Figure 5.4 Box and whiskers plot for collagen concentration data: a.) grouped according to 
levels of microgravity. b.) grouped according to levels of shear. 
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This specific GAG production ranged from 4.20E-6 to 15.5E-06 pg GAG/cell with a grand 
average of 8.02E-06 pg GAG/cell. Results of a multivariate ANOVA suggest that there 
exist an interaction between the effects of shear and microgravity (pcO.OOOl). Inspection of 
Figure 5.5a reveals that the effects of shear behave differently at different conditions of 
microgravity. With simulated microgravity absent, MO, shear appeared to have very little, if 
any, effect on GAG per cell as seen in Figure 5.5a. In contrast, when microgravity was 
added, application of fluid-induced shear displayed marked effects (pcO.OOOl). Compared 
to the relatively flat profile for the plot of MO in Figure 5.5a, there is a noticeable steadily 
decreasing profile for Ml with increasing levels of shear stress. It is also suggested by the 
plot of M2 that constructs experiencing shear my exhibit a similar decreasing profile. It 
should be noted that for constructs exposed to shear, as much as a 250% increase over lg 
samples was observed for constructs undergoing a combination of shear and simulated 
microgravity Ml. Furthermore, M2 samples that were also subjected to shear contained 
40% more GAG per cell than similar samples from Ml. Figure 5.5b clearly shows this 
increasing normalized production of GAG over microgravity levels for sheared constructs, 
although this effect is significantly depressed at the higher shear levels. When shear is not 
present, the nature of the effect of microgravity is not evident. 
Table 5.5 Sulfated glycosaminoglycan content normalized to construct's cell number 
(pg GAG per cell x 106) 
MO Ml M2 
SO 6.48 ± 0.263 15.4 ±0.8* 6.37 ± 0.913 
SI 4.32 ± 0.354 10.8 ± 0.72 15.5 ± l.O1 
S2 4.95 iO.174 6.59 ± 0.153 NA 
S3 NA 4.20 ± 0.234 5.67 ± 0.353 
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Table 5.6 Total collagen content normalized to constructs cell number 
(mg collagen/cell x 10*) 
MO Ml M2 
SO 20.3 ± 0.64 51.8 2.8' 13.7 ±0.624 
SI 8.59 ± 0.645 39.3 ± 1.42 33.1 ± 1.53 
S2 18.7 ±0.94 20.9 ±2.04 NA 
S3 NA 6.99 ±0.196 4.31=1=0.23* 
5.6 Total Collagen Content — Per Cell Basis 
Examination of Table 5.6 shows a large range of values for specific collagen 
production from 4.3E-09 to 52E-09 mg/cell with an average over all values of 21.6E-09 
mg/cell. Of note, comparison of Figure 5.6a with Figure 5.5a reveals nearly identical 
patterns in each corresponding microgravity level plot. As with the GAG per cell results, 
there exists significant interaction between the effects of shear and microgravity on collagen 
per cell (p<0.0001). It appears that the behavior of shear varies for MO, Ml, and M2. Under 
purely lg conditions, the effect of shear is not evident whereas application of microgravity 
aspects produces a definite decreasing trendline in collagen production per cell. Figure 5.6b 
reveals a decrease in normalized collagen production from Ml to M2, although this effect 
becomes insignificant at the highest shear level. This damping phenomenon at the high 
shear level was also seen with specific GAG production. The slower rotating microgravity 
condition (Ml) combined with no or low shear (SO or SI) resulted in the highest collagen 
content per cell whereas the highest shear condition yielded constructs with the lowest 
collagen content per cell, twelve times lower than the maximum and five times smaller than 
the overall mean. 
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Figure 5.5 Box and whiskers plot for GAG per cell data: a.) grouped according to levels 
of microgravity. b.) grouped according to levels of shear. 
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5.7 Histological Examination 
Application of the shear and microgravity conditions examined in this study resulted 
in regenerated tissue samples soft in texture and with no overall defined form. Constructs 
became thinner and smaller than their original dimensions and tended to ball-up slightly 
when removed from the needles and culture medium. Although the regenerated samples 
would not easily fall apart, they were quite fragile and could be readily torn. The exception 
to these characteristics were the samples cultivated under the perfused static conditions 
(MOSO). These constructs were firmer in texture, retained their approximate original 
dimensions, maintained their form when removed from the culture vessel, and qualitatively, 
had better mechanical strength. 
Tissue sections stained with alcian blue can be seen in Figures 5.7a-j and those 
stained with hematoxylin and eosin are found in Figures 5.8a-j. From these figures it can be 
seen that high shear application (Figures 5.7gJ and 5.8gj) and shear stresses at pure lg 
(Figures 5.7b,c and 5.8b,c) produced tissue with higher cell densities. These figures also 
indicate an unusual pattern in several of the tissue sections with high cellularity. Figures 
5.7b,c,g,h and 5.8b,c,g,h reveal distinct areas of matrix deposition and areas of high 
cellularity. While the cell regions tend to surround the patches of high matrix deposition, 
they tend to be at very low density within the ECM. Alternatively, M2S3 shown in Figures 
5.7j and 5.8j, reveal a more uniform cell distribution through the matrix, although the 
glycosaminoglycan regions were small, dispersed, and weakly stained for this condition. 
Figure 5.7f clearly supports the finding stated in Section 5.2, that treatment M1S2 had the 
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lowest concentration of GAG of all experimental conditions tested. Light GAG staining can 
be seen at the tissue's periphery, but very little matrix staining can be seen within the interior 
of the construct As indicated by the bottom portion of Figures 5.7a and 5.8a, enhanced 
staining at the edge of statically cultured samples MOSO suggests preferential matrix 
production at the tissues' periphery. In contrast, the top portions of these figures show large 
holes that exist throughout the midsection of this tissue. 
Because the hydroxyproline assay described in Section 4.6, with results in Section 
5.4, indicates the quantity of all collagen types produced, immunohistochemical staining of 
the regenerated tissue was performed to identify the presence of type II collagen in the 
extracellular matrix. Although statically cultured MOSO contained the highest fraction of 
total collagen, immunohistochemistry suggests type II collagen was not the predominant 
component of this total. Only a thin layer of the web-like collagen matrix staining can be 
found at the tissue's edge (top-right corner of Figure 5.9a), in conjunction with light staining 
located towards the middle of the construct. Tissue sections from the other experimental 
conditions reveal areas of darker type II collagen staining resembling extracellular matrix in 
appearance, in addition to a light deposition of collagen II on the polyglycolic acid fibrils. 
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a. MOSO 
b.MOSl 
Figure 5.7 Tissue engineered cartilage samples stained with Alcian Blue. 
Original magnification 200x. 
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c. M0S2 
d. Ml SO 
Figure 5.7 (Continued) 
e. MlSl 
f. M1S2 
Figure 5.7 (Continued) 
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Figure 5.7 (Continued) 
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Figure 5.7 (Continued) 
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a. MOSO 
b.MOSl 
Figure 5.8 Hematoxylin and Eosin staining of tissue engineered cartilage samples. 
Original magnification 200x. 
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c. M0S2 
d. Ml SO 
Figure 5.8 (Continued) 
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Figure 5.8 (Continued) 
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g. Ml S3 
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Figure 5.8 (Continued) 
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i. M2S1 
j. M2S3 
Figure 5.8 (Continued) 
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a. M0S0 
b. M0S1 
Figure 5.9 Immunohistochemical staining for type II collagen in cartilage constructs. 
Original magnification 200x. 
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c. M0S2 
d. Ml SO 
Figure 5.9 (Continued) 
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e. MlSl 
f. M1S2 
Figure 5.9 (Continued) 
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g. Ml S3 
h. M2S0 
Figure 5.9 (Continued) 
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Figure 5.9 (Continued) 
95 
CHAPTER 6. DISCUSSION 
Because a true microgravity environment results in a reduction of mechanical forces 
on the human body, possibly at each level of physiological organization, we have 
investigated the effects of applying a stimulus in the form of fluid-induced shear stress to 
regenerating articular cartilage cultured in an environment hypothesized to simulate aspects 
of microgravity. For this study, the first of its kind, a unique bioreactor was created from 
significant alterations to the NASA-designed rotating wall vessel. This distinctive reactor 
not only allowed us to apply fluid-induced shear stress to tissue constructs, it allowed for 
control of its magnitude, and for independent control of distinct microgravity conditions. 
Equine chondrocytes were seeded onto polyglycolic acid felt because it provides a 
biodegradable and bioresorbable three-dimensional structure during tissue regeneration and 
was found to promote extracellular matrix production (Freed et al., 1993a; Freed et al., 
1993b; Magari, 1994; Freed et al., 1994a; Freed and Vunjak-Novakovic, 1995; Freed and 
Vunjak-Novakovic, 1997a; Freed et al., 1997b; Freed et al., 1998; Vunjak-Novakovic et al., 
1999; Carver and Heath, 1999a; Carver and Heath, 1999b). Cell-polymer constructs were 
cultured in the bioreactors for six weeks since this has previously been shown to be a 
sufficient time period to show the effects of cultivation parameters on regenerated tissue 
morphology and composition (Freed and Vunjak-Novakovic, 1998). 
6.1 Effects of Simulated Aspects of Microgravity 
Although it is not known how, or if, horizontal rotation in clinostats and rotating wall 
vessels simulate microgravity, models aimed at doing so include the rate of rotation as a key 
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parameter (Dedolph and Dipert, 1971; Kessler, 1992; Gruener, 1998; Gruener, 2000). 
Although the unweighting effect of cellular organelles, or perhaps the cell itself (Gruener, 
2000 personal communication), experienced in true microgravity was modeled to be better 
simulated with increasing rotational rate, increased centrifugal force is simultaneously 
generated (Dedolph and Dipert, 1971; Kessler, 1992; Gruener, 1998; Gruener, 2000). It is 
currently unclear at what point the rotational rate may sufficiently simulate the unweighting 
effect in spaceflight, a question further confounded by the unknown effect of the induced 
centrifugal force. The modified rotating wall vessel utilized in our study can help begin to 
uncover whether rotational rate has a significant effect on cellular events, and its role in 
simulating aspects of microgravity. 
Although horizontal rotation rates ranging from less than 1 rpm up to 100 rpm have 
been utilized for microgravity experiments, we selected to investigate the conditions of 5 
rpm (Ml) and 10 rpm (M2), corresponding to a 12 second and 6 second rotational period, 
respectively. These rates were chosen in part due to restrictions imposed by the bioreactor 
setup, including motor vibration, motor speed capacity, and wearing of seals and bearings. 
Tissue constructs subjected to either condition of microgravity were significantly lower in 
cellularity than those cultured in the absence of microgravity simulation (i.e. "pure lg 
conditions", M0). Unfortunately, to compare this finding with tissue cellularity of space-
flown animal experiments is difficult since in vivo studies have not provided consistent 
results (Duke et al., 1985; Duke et al., 1990; Montufar-Solis et al., 1992). Articular cartilage 
regenerated aboard space station MIR for 4 months had similar cell viability and cell 
numbers as that grown on Earth (Freed et al., 1997b). On the other hand, cartilage 
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engineered in a rotating wall vessel under solid body rotation at 40 rpm resulted in 
constructs with fewer cells than those cultured in spinner flasks or in the freefall regime 
(Freed and Vunjak-Novakovic, 1997a). Although it is possible that the aspects of 
microgravity simulated in this study were responsible for the decreased cell concentration, 
the affect of negligible fluid-induced shear stress during solid body rotation cannot be 
ignored. 
Yet, there does appear to be other evidence of suppressed cell numbers in true and 
simulated microgravity. Culture of an osteoblast cell line during spaceflight resulted in a 
60% decrease in cell number and exhibited an altered cell morphology and abnormal 
cytoskeleton morphology including reduced numbers of stress fibers (Hughes-Fulfbrd and 
Lewis, 1996). Likewise, clinostat rotation of osteoblasts resulted in reduced cell numbers 
and altered cell morphology (Al-Ajmi et al., 1996). It was suggested that reduction of cell 
numbers in microgravity was not a result of decreased cell proliferation, but rather by 
increased apoptosis (Sarkar et al., 2000). Similar to the spaceflown cells, these clinorotated 
osteoblasts showed a disruption of the cytoskeleton, and cells exhibited a more rounded 
morphology. Although of short-duration, repeated parabolic flights in series have also 
demonstrated altered cellular morphology (Guignandon et al., 1995). Because cell shape is 
known to affect cell proliferation, these studies could provide an explanation for reduced cell 
numbers in simulated microgravity conditions found in our study. 
While none of these studies on the effects of microgravity examined applied shear, 
this study revealed that the same behavior can also be seen in the presence of fluid-induced 
shear. Our study showed constructs grown in lg had consistently higher cell densities than 
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constructs grown under simulated microgravity at all levels of applied shear. 
In the present study, glycosaminoglycans concentrations were determined to decrease 
in simulated microgravity compared to pure lg samples. In addition, there were also 
significant differences in GAG quantities between constructs cultured under the two 
simulated microgravity conditions. Samples regenerated under 10 rpm horizontal cultures 
were significantly lower than those from 5 rpm cultures. This is consistent with the articular 
cartilage tissue-engineered aboard MIR, in which glycosaminoglycan levels were 2.5 times 
lower than lg samples from Earth (Freed et al., 1997b). Furthermore, cultures of spaceflown 
mouse mesenchyme cells resulted in negligible extracellular matrix (Duke et al., 1992). 
Additionally, while specific results have been inconsistent, in vivo studies reveal 
abnormalities of proteoglycan patterns, sizes, and distributions in the growth plates of 
spaceflown rats (Duke et al., 1985; Duke et al., 1990). 
Again, none of these studies examined simultaneous application of shear and 
microgravity conditions. This investigation extends these findings to cases with applied 
shear stress. At all levels of shear studied, constructs grown in pure lg had significantly 
higher glycosaminoglycan levels than constructs horizontally cultured at 5 rpm. In addition, 
at all levels of shear stress, tissue cultivated under 10 rpm simulated microgravity had the 
lowest GAG concentrations. 
It appears that collagen concentrations of tissue constructs can be significantly 
higher when cultivated at lg than when subjected to simulated aspects of microgravity. It 
has been shown in vivo that collagen fibril formation is considerably altered during 
spaceflight, although specific results have again been inconsistent (Matthews, 1981; Duke et 
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al., 1985; Duke et al., 1990). Solid body rotation produced tissue constructs with lower 
concentrations of both glycosaminoglycans and collagen in comparison with other culture 
methods, although hydrodynamic conditions must be considered also (Freed and Vunjak-
Novakovic, 1997a). Alternatively, after long-term culture aboard space station MIR, 
regenerated cartilage had similar collagen concentrations and fibril diameter as Earth grown 
samples, although its matrix organization was unorganized and random (Freed et al., 1997b). 
6.2 Effects of Fluid-Induced Shear Stress 
Varying the level of shear stresses from 0-0.20 dynes/cm2 to the cell-polymer 
constructs in this study showed no apparent overall effect on cellular concentration. 
However, tissue samples exposed to higher shear, of magnitude 0.48 dynes/cm2, were 
determined to have significantly increased cellularity. Chondrocytes have been shown to 
flatten and elongate when exposed to fluid-flow (Smith et al., 1995), an alteration in 
morphology that is known to be associated with increased cell proliferation. It is possible 
that the higher magnitude of shear in our study altered the chondrocytes morphology, 
therefore enhancing cell proliferation. Although cell concentrations in constructs were 
previously found not to differ under four weeks of applied shear in the of magnitude 0-0.92 
dynes/cm2, these chondrocytes were seeded onto a copolymer of PLGA/PLLA (Saini and 
Wick ,2000), whereas our study utilized PGA scaffolds. Chondrocyte growth rates have 
been found to be twice as high when seeded onto PGA as compared to PLLA (Freed et al., 
1993a). It is possible that differences in cell-matrix interactions exist with these two 
polymers that modulate the response of chondrocytes to shear. 
Increasing the magnitude of shear was found to have a slightly negative effect on 
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the amount of glycosaminoglycans in our tissue constructs under the purely lg condition and 
5 rpm simulated microgravity, while very little, if any overall effect was seen under the 
higher rotating microgravity condition. Because these effects were small, these findings 
may not necessarily conflict with the results of Saini and Wick who found no significant 
effect of shear on GAG levels (Saini and Wick, 2000). Furthermore, the sums of squares 
contribution of a single point at M1S2, may have been mostly responsible for the effect 
being significant. Additionally, chondrocytes grown on PGA have been shown to produce 
high levels of glycosaminoglycans, while chondrocytes seeded onto PLLA produced 
minimal amounts (Freed et al., 1993a). Whereas diffusional constraints and degradation 
rates are different in these polymers, the importance of cell-matrix interactions must also be 
considered. Because focal adhesions, i.e. cell-matrix interactions, appear to play a vital role 
in mechanotransduction, it is likely the same mechanical inputs can result in different 
outputs depending on the nature of these adhesions (Ingber, 1998; Ingber, 1999). Therefore, 
it is possible that cells attached to PGA would respond differently to shear stress than cells 
attached to another polymer. Although application of fluid-induced shear to monolayer 
chondrocytes has increased GAG production two-fold, the magnitude of this stress was far 
outside the range of either of these studies (Smith et al., 1995). While the study of Saini and 
Wick concentrated on the effects of shear under typical lg conditions, we have extended the 
same results to cases with applied aspects of microgravity. As evident in Table 5.3, the 
difference in GAG values between columns is significantly larger than differences in values 
between rows, indicating that shear has a much weaker influence on GAG concentration 
than microgravity simulation. 
101 
When microgravity aspects were simulated, there was no apparent overall effect of 
fluid-induced shear upon collagen concentrations. For constructs at lg, application of low 
levels of shear produced a noticeable decrease in total collagen as compared to static culture. 
However, the data suggests that it may be possible to increase collagen concentrations by 
increasing application of shear stress magnitudes beyond 0.20 dynes/cm2. As seen in Figure 
5.9a, statically cultured constructs (MOSO) stained poorly for type n collagen in comparison 
to samples from other experimental conditions, even though these constructs contained the 
highest fraction of total collagen as seen in Table 5.4. Thus, the amount of type n collagen 
in these samples may be significantly lower. Therefore, it is possible that even the 
application of low shear stress magnitudes can result in increased type II collagen levels 
over static culture. 
Although Freed et al. have found increased matrix production with mixing in both 
spinner flasks (Freed and Vunjak-Novakovic, 1996) and freefall conditions in the rotating 
wall vessels (Freed and Vunjak-Novakovic, 1995; Freed and Vunjak-Novakovic, 1997a), the 
hydrodynamic conditions experienced by the constructs in these studies are significantly 
different than the conditions in our experiments. Spinner flasks impose a turbulent mixing 
regime with nonuniform shear stresses. The freefall regime in the RWV's has been 
suggested to be a highly dynamic culture environment as the construct oscillates and tumbles 
about its diameter, possibly resembling aspects of mechanical loading (Freed and Vunjak-
Novakovic, 1995; Freed and Vunjak-Novakovic, 1997a; Vunjak-Novakovic et al., 1999; 
Martin et al., 2000). Alternatively, our tissue constructs are exposed to a steady shear. 
Comparing our study with these results, and since there is significant evidence that dynamic 
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compressive conditions stimulate extracellular matrix production (van Kampen et al., 1985; 
Veldhuijzen et al., 1987; Sah et al., 1989; Larsson et al., 1991; Korvert et al., 1992; 
Parkkinen et al., 1992; Magari, 1994; Heath and Magari, 1996; Carver and Heath, 1999a; 
Carver and Heath, 1999b), it is plausible that dynamic application of shear stresses may be 
more stimulatory than steady shear. 
63 Effects on Matrix Components Normalized to Cell Number 
Because total glycosaminoglycan and total collagen amounts are a function of the 
number of chondrocytes responsible for their secretion, we have normalized these totals to 
the constructs' cellular concentration. Although this type of analysis is generally not 
reported in the literature, this may provide a more accurate picture of how simulated aspects 
of microgravity and fluid-induced shear affect the cells' production of extracellular matrix. 
Analysis of the parameters in this study indicated nearly identical effects on both 
glycosaminoglycan and collagen amounts per cell. When either shear or simulated 
microgravity aspects were absent, no overall effect could be established. Alternatively, 
when these effects were combined, obvious trends were observed. Decreased quantities of 
matrix per cell with increased shear magnitude were found when microgravity conditions 
were simultaneously employed. When shear was present, application of microgravity 
conditions induced an increase in GAG per cell that further increased with faster 
microgravity rotation. As opposed to these results for GAG per cell, when shear was 
present, there is no convincing evidence at this point that application of microgravity had a 
definitive effect on collagen per cell. 
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These results clearly indicate an interaction between the eiffects of fluid-induced 
shear and simulated aspects of microgravity. Although the means by which cells perceive 
mechanical signals, including shear stress and graviperception, amd transduce them into a 
biochemical response is poorly understood, the role of the cytoskeleton and focal adhesions 
in this process is gaining importance (Cipriano, 1991; Maniotis etc al., 1997; Burger and 
Klein-Nulend, 1998; Ingber, 1998; Ingber, 1999; Oddou et al., 20*00; Papaseit et al., 2000). 
There is evidence that microgravity, actual and simulated, results in alterations of the 
cytoskeleton. The actin cytoskeleton has been found to be disrupted and contain fewer stress 
fibers (Hughes-Fulford and Lewis, 1996; Sarkar et al., 2000). In contrast, fluid-induced 
shear stress has been found to increase the number and thickness of stress fibers and increase 
the number of focal adhesion sites (Pavalko et al., 1998). Additionally, the mechanical 
stiffness of the cytoskeleton has been determined to increases in proportion to the applied 
stress on the cell (Wang and Ateshian, 1997; Ingber, 1999). Thus;, if microgravity results in 
a condition of weightlessness for a cell and its organelles, the stress of the cytoskeleton 
would be reduced. Therefore, there is evidence that fluid-induced shear stress and 
microgravity tend to affect the cytoskeleton in an opposite mannear. Shear increases the 
stress of the cytoskeleton, whereas microgravity may cause a reduction in its' stress. Thus, 
simultaneous application of these two conditions may produce results that are currently 
difficult to predict This study was the first of its kind to examine: simultaneous application 
of shear stress and a microgravity environment. 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
7.1 Conclusions 
A unique bioreactor was created for this study to investigate the effects of fluid-
induced shear stress and simulated aspects of microgravity on tissue engineered articular 
cartilage. We found that simulated microgravity conditions decreased the concentration of 
cells and extracellular matrix components as has been observed in true microgravity. The 
results of this study also provide support that rotational rate in horizontally rotating cultures 
affects cellular events and may have a direct relation in the simulation of aspects of 
microgravity. Negligible to low levels of shear stress had no significant effect on tissue 
cellularity until a higher level of shear was applied, suggesting a possible threshold value. 
The application of shear stress was found to slightly decrease glycosaminoglycan levels. We 
have uncovered evidence that the effects of fluid-induced shear stress and simulated 
microgravity interact to affect cell numbers and extracellular matrix production in 
regenerating cartilage tissue. Results of the interaction studies, that are the first of their 
kind, showed changing behavior due to shear depending on the condition of microgravity, 
and changing behavior due to microgravity conditions depending on the level of shear. 
7.2 Future Work 
In this study, we examined the effects of two different horizontal rotational rates in 
our simulation of microgravity. Models postulating how clinostats and rotating wall vessels 
may simulate aspects of microgravity have indicated this rate as a key parameter. With the 
differences observed in our study, it lends support to this hypothesis. Therefore, before 
105 
additional types of experiments are performed with these bioreactors, a series of experiments 
should be carried out encompassing a broad range of rotational rates applied under solid 
body rotation. Ideally, these should be performed in conjunction with, and compared to, 
space-flown experiments with onboard control samples. With a greater understanding of 
what operating conditions best simulate aspects of true microgravity, and what aspects are 
actually simulated, future experimentation can be planned more efficiently and produce 
well-founded results. 
In order to investigate larger magnitudes of shear stresses and their interaction with 
microgravity, it would be necessary to consider alternative polymer scaffolds. Due to the 
fast degradation rate and poor mechanical strength of our polyglycolic acid mesh, higher 
magnitudes of shear stress than those reported in this dissertation resulted in the cell-
polymer construct breaking apart within two to four weeks of culture. 
Because compressive forces are negligible in the weightlessness environment of 
spaceflight, application of pressure during microgravity simulation could provide valuable 
information regarding possible countermeasures during space inhabitation. Although it is 
difficult to envision a bioreactor capable of simultaneous mechanical compression and 
microgravity simulation, an altered design of the rotating wall vessel capable of inducing 
dynamic hydrostatic pressure should be feasible. Because there have been a significant 
number of studies investigating the effects of static and dynamic hydrostatic pressure on 
articular cartilage, the foundation for combining this with simulated microgravity has 
already been laid. 
During this study, we designed and manufactured a second type of bioreactor 
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that was utilized in those conditions where only shear stress was applied. Although 
internally identical to the rotating wall vessels, the general design of this bioreactor was 
simpler, easier to utilize and aseptically manipulate, and was built for a fraction of the cost 
The design of this bioreactor allowed for accurate control of sample rotation, permitting 
precise control of fluid-induced shear stress. In addition, by threading the cell-polymer 
constructs onto the support needles, the need for adhesive fixation is eliminated. Due to 
considerable evidence that extracellular matrix production is enhanced in dynamic 
environments, these bioreactors could be utilized in a study examining dynamic shear. 
Although a study subjecting chondrocytes to pulsatile flow has been conducted by 
Yellowley et al., it was performed in monolayer culture for several minutes without 
examining extracellular matrix (Yellowley et al., 1997). Therefore, a dynamic shear 
environment should be examined with regards to extracellular matrix production in 
regenerating articular cartilage tissue. 
Our laboratory has previously found enhanced extracellular matrix production in 
cartilage regeneration through a combination of a fluid-mixing regime with a regime of 
dynamic hydrostatic pressure, although these regimes were performed in series (Carver and 
Heath, 1999b). The design of a bioreactor capable of inducing simultaneous fluid shear with 
dynamic hydrostatic pressure would provide a new and unique culture environment for 
tissue engineering articular cartilage. 
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APPENDIX A. MATRICES OF SAMPLE SIZES 
Cells 
MO Ml M2 
SO 3 3 4 
SI 4 4 4 
S2 3 3 
S3 3 3 
MO Ml M2 
SO 3 3 4 
SI 4 4 4 
S2 3 3 
S3 6 3 
Collagen 
MO Ml M2 
SO 3 3 3 
SI 3 3 4 
S2 3 3 
S3 3 4 
GAG per cell 
MO Ml M2 
SO 3 3 4 
SI 4 4 4 
S2 3 3 
S3 6 3 
Collagen per cell 
MO Ml M2 
SO 3 3 3 
SI 3 3 4 
S2 3 3 
S3 3 4 
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APPENDIX B. ANOVA INTERACTION STUDIES 
The following are the results of the two-way ANOVA studies for partial analyses of 
the data set. The subsets of data used for the calculations are as defined in Figure 4.5. 
Column 1 contains the cause of variance, column 2 indicates the degrees of freedom (# of 
levels of the particular effect in the subset — 1), and column 3 is the mean square error due to 
the particular effect. Column 4 is calculated from MSEgea/MS Error and the result is compared 
to the F-statistic, F(df Effect, df Error, <x = 0.10). A p-value less than 0.10 indicates that the null 
hypothesis of "the effect is not significant" is not true. 
Cells 
SET 1 
df MS F p-value 
Microgravity 1 2.4E+16 20.73306 6.53E-05 
Shear 2 5.72E+17 493.2083 2.59E-12 
Interaction 2 1.24E+16 10.71936 0.001502 
Error 14 1.16E+15 
SET 2 
df MS F p-value 
Microgravity 1 5.7E+17 591.8867 5J7E-15 
Shear 2 6.43E+14 0.666836 0.426936 
Interaction 2 1.18E+17 122.8777 5E-10 
Error 15 9.64E+14 
SET 3 
df MS F p-value 
Microgravity 2 2.35E+14 0.237479 0.632642 
Shear 1 2.73E+17 276.3534 3.93E-13 
Interaction 2 3.68E+I6 37.21132 9.6IE-07 
Error 16 9.89E+14 
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GAG 
SET 1 
df MS F p-value 
Microgravity 1 546726080 322.9606 1.93E-12 
Shear 2 506347680 299.1084 7.64E-11 
Interaction 2 44185572 26.10119 1.89E-05 
Error 14 1692856.75 
SET 2 
df MS F p-value 
Microgravity 1 34035868 17.00296 7.13E-05 
Shear 2 372008000 185.8403 631E-11 
Interaction 2 312425.0938 0.156075 0.85664 
Error 18 2001761375 
SET 3 
df MS F p-value 
Microgravity 2 452303488 215.9792 2.65E-12 
Shear I 41089512 19.62063 0.000421 
Interaction 2 12078012 5.767365 0.012999 
Error 16 2094199.5 
Collagen 
SET 1 
df MS F p-value 
Microgravity 1 8.008622169 120.9051 1.12E-08 
Shear 2 39.3976059 594.7806 1.36E-11 
Interaction 2 15.82535553 238.9134 2.16E-10 
Error 12 0.066238888 
SET 2 
df MS F p-value 
Microgravity 1 2.906559944 82.82905 1.74E-08 
Shear 2 5.895085335 167.9939 3.46E-09 
Interaction 2 7.588844299 216.2614 2.98E-11 
Error 14 0.035091072 
SET 3 
df MS F p-value 
Microgravity 2 2.957409 49.63751 8.73E-06 
Shear 1 10.1832 170.9161 4.63E-10 
Interaction 2 16.61593 278.8837 2.11E-11 
Error 13 0.05958 
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GAG per cell 
SET 1 
df MS F p-value 
Microgravity 1 4.20893E-11 179.7423 1.04E-10 
Shear 2 1.60065E-10 683.5576 2.77E-13 
Interaction 2 I.99450E-11 85.1749 1.46E-08 
Error 14 2.34165E-I3 
SET 2 
df MS F p-value 
Microgravity 1 1.18755E-10 204.6205 1.3E-11 
Shear 2 626386E-I2 10.79294 0.005008 
Interaction 2 8.81756E-I1 151.9308 1.11E-10 
Error 15 5.80367E-13 
SET 3 
df MS F p-value 
Microgravity 2 3.33E-12 5.995756 0.026245 
Shear 1 1.09E-10 195.805 5.64E-12 
Interaction 2 9.94E-11 179.1326 I.12E-11 
Error 16 5.55E-13 
Collagen per cell 
SET 1 
df MS F p-value 
Microgravity 1 4.27332E-16 170.1345 1.56E-09 
Shear 2 2.076E-15 826.5233 1.95E-12 
Interaction 2 4.1979IE-16 167.1322 1.73E-09 
Error 12 2.51173 E-18 
SET 2 
df MS F p-value 
Microgravity 1 1.89165E-15 979.1588 9.08E-16 
Shear 2 1.20359E-I5 623.0021 5.24E-13 
Interaction 2 5.98742E-16 309.9221 2.56E-12 
Error 14 1.9319IE-18 
SET 3 
df MS F p-value 
Microgravity 2 1.21E-17 710.8871 5.27E-I4 
Shear 1 I.55E-15 5.536193 0.035035 
Interaction 2 5.44E-16 249.8508 4.23E-11 
Error 13 2.18E-18 
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APPENDIX C. UNIVARIATE ANOVAS 
The following are the results of the univariate ANOVA studies for further 
investigating interactions present in the data set. The subsets of data used for the 
calculations are as defined in Figures 4.6 and 4.7. Column 1 contains the cause of variance 
in a particular condition. For example, "S at MO" means the effect of shear at the condition 
of MO or lg. Column 2 is the sums of squares of error due to the particular effect. Column 3 
indicates the degrees of freedom of the effect being investigated under a particular condition 
or the number of levels of the particular effect minus 1. Column 4 is the mean square error 
due to the effect calculated from SSESêc/dfkgêct. Column 8 is calculated from MSEffect/MSEnor 
and the result is compared to the F-statistic, F(df Effect, df Error, a = 0.10). A p-value less than 
0.10 indicates that the null hypothesis of "the effect is not significant" is not true. 
Cells 
SS Effect df Effect MS Effect SS Error df Error MS Error F p-value 
S at MO 6.63E+16 2 3.31E+16 1.46E+16 7 2.08E+15 15.90007 0.002494 
S at Ml I.22E+18 3 4.06E+17 5.68E+15 9 6.31E+14 643.5571 8.15E-11 
S at M2 2.49E+17 2 1.25E+17 9.45E+15 8 1.18E+15 105.5297 I.78E-06 
M at SO 2.24E+17 2 1.12E+17 5.45E+15 7 7.78E+14 144.0588 2.06E-06 
Mat SI 4.16E+17 2 2.08E+17 1.04E+16 9 1.I5E+15 180.3696 5.48E-08 
Mat S2 8.7E+I6 I 8.7E+16 4.57E+15 4 I.14E+15 76.13582 0.00095 
Mat S3 1.32E+17 1 1.32E+17 9.32E+15 4 2.33E+15 56.76661 0.001662 
GAG 
SS Effect df Effect MS Effect SS Error df Error MS Error F p-value 
S at M0 2.98E+08 2 1.49E+08 11718392 7 1674056 88.93826 1.06E-05 
S at Ml 1.03E+09 3 3.44E+08 18005125 12 1500427 229.1096 7.43E-11 
S at M2 39236551 2 19618276 18597432 8 2324679 8.439133 0.010693 
M at SO 3.15E+08 2 1.58E+08 14829450 7 2118493 74.43141 1.92E-05 
M at SI 6.43E+08 2 3.22E+08 18677743 9 2075305 155.0187 1.06E-07 
M at S2 3.78E+08 1 3.78E+08 2471553 4 617888.3 611.9788 I.58E-05 
Mat S3 1.17E+08 1 1.17E+08 12342204 7 1763172 66.47 8.08E-05 
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Collagen 
SS Effect df Effect MS Effect SS Error df Error MS Error F p-value 
S at MO 31.98736 2 15.99368 0.552067 6 0.092011 173.8233 4.88E-06 
S at Ml 24.9831 3 83277 0.2946 8 0.036825 3.145335 0.125365 
S at M2 16.74302 2 8371508 0277275 8 0.034659 3.562335 0.132565 
M at SO 51.9014 2 25.9507 03048 6 0.0508 510.8406 I.99E-07 
M at SI 0.854858 2 0.427429 0.469742 7 0.067106 100.3694 0.000265 
MatS2 27.60615 1 27.60615 0.2542 4 0.06355 434.4005 3.13E-05 
M at S3 21J6154 1 2136154 0.0952 5 0.01904 1121.93 4.46E-07 
GAG per cell 
SS Effect df Effect MS Effect SS Error df Error MS Error F p-value 
S at M0 9.58E-12 2 4.79E-12 5.69E-13 7 8.13E-14 58.94223 4.17E-05 
S at Ml 2.15E-10 3 7.15E-11 2.81E-12 9 3.12E-13 228.9 8J2E-09 
SatM2 2.26E-10 2 1.13E-10 5.94E-12 8 7.42E-13 152.3542 4.28E-07 
M at SO 1.66E-10 2 8.29E-11 3.77E-12 7 5.38E-13 153.9813 1.64E-06 
M at SI 2.53E-10 2 1.26E-I0 5.11E-12 9 5.68E-13 222.4595 2.18E-08 
MatS2 43E-12 1 43E-12 9.89E-I4 4 2.47E-14 174.1399 0.000191 
M at S3 2.16E-12 1 2.16E-12 3.42E-13 4 8.56E-14 252358 0.007367 
Collagen per cell 
SS Effect df Effect MS Effect SS Error df Error MS Error F p-value 
S at M0 2.42E-16 2 1.21E-16 2.96E-18 6 4.93E-19 245.2234 1.77E-06 
S at Ml 3.52E-15 3 I.17E-15 2.73E-I7 8 3.41E-18 344.5566 8.53E-09 
S at M2 1.72E-15 2 8.59E-16 7.41E-18 8 9.27E-19 926.9019 3.41E-10 
M at SO 2.5E-15 2 1.25E-15 1.7E-17 6 2.84E-18 439.6526 3.11E-07 
M at SI 1.62E-15 2 8.08E-16 1.13E-17 7 1.61E-18 501.5074 2.77E-08 
MatS2 7.05E-18 1 7.05E-18 9.09E-18 4 2.27E-18 3.103352 0.152925 
M at S3 1.25E-17 1 1.25E-17 2.26E-19 5 4.52E-20 276.7819 1.43E-05 
113 
APPENDIX D. RAW DATA 
Measurements Sample Wet Dry Weight 
Weight 
M1S0 1 2 Size (g) te) 
Collagen 0.0748 0.0726 0.01658 
(Abs. @ 557nm) 0.0503 0.0506 0.02344 
0.0900 0.0926 0.02121 
GAG 0.0512 0.0537 50fxl 0.01985 0.00083 
(Abs. @ 525nm) 0.0480 0.0469 50*U 0.01773 0.00077 
0.0496 0.0497 50nl 0.01882 0.00073 
Cells 120 106 20*11 0.01985 0.00083 
(ng DNA/ml) 96 102 20gl 0.01773 0.00077 
118 110 20nl 0.01882 0.00073 
Measurements Sample Wet Dry Weight 
Weight 
MOSO 1 2 Size te) te) 
Collagen 0.6436 0.6411 0.0658 
(Abs. @ 557nm) 0.4602 0.4634 0.0447 
0.4371 0.4384 0.0433 
GAG 0.1053 0.1069 20*il 0.0366 0.00356 
(Abs. @ 525nm) 0.0873 0.0862 20*11 0.0339 0.00280 
0.0977 0.0972 20*11 0.0336 0.00320 
Cells 223 216 4fxl 0.0339 0.00280 
(ng DNA/ml) 270 282 4|il 0.0366 0.00356 
230 238 4|xl 0.0336 0.00320 
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Measurements Sample Wet 
Weight 
Dry Weight 
Ml S3 1 2 Size te) te) 
Collagen 0.1259 0.1275 0.0197 
(Abs. @ 557nm) 0.1066 
0.0921 
0.1075 
0.0944 
0.0173 
0.0143 
GAG 0.0515 0.0515 20fil 0.0163 0.00223 
(Abs. @ 525nm) 0.0301 0.0282 20*il 0.0085 0.00117 
0.0491 0.0499 20*il 0.0152 0.00200 
0.0472 0.0501 20*il 0.0139 0.00216 
0.0467 0.0458 20*11 0.0147 0.00191 
0.0427 0.0432 20jil 0.0145 0.00187 
Cells 354 341 2*d 0.0139 0.00216 
(ng DNA/ml) 238 225 2|il 0.0085 0.00117 
370 380 2*il 0.0152 0.00200 
Measurements Sample Wet 
Weight 
Dry Weight 
M2S3 1 2 Size te) te) 
Collagen 0.0123 0.0126 0.00486 
(Abs. @ 557nm) 0.0384 
0.0411 
0.0346 
0.0386 
0.0436 
0.0352 
0.01434 
0.01771 
0.01428 
GAG 0.1190 0.1161 50(xl 0.01623 0.00276 
(Abs. @ 525nm) 0.1056 0.1080 50*il 0.01613 0.00286 
0.0994 0.0976 50*il 0.01422 0.00217 
Cells 370 373 10*il 0.01623 0.00276 
(ng DNA/ml) 280 278 10*il 0.01422 0.00217 
314 318 10*il 0.01613 0.00286 
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Measurements Sample Wet Dry Weight 
Weight 
M1S2 1 2 Size fe) (g) 
Collagen 0.0427 0.0395 0.01828 
(Abs. @ 557nm) 0.0257 0.0278 0.01221 
0.0234 0.0214 0.00489 
0.0529 0.0564 0.02103 
GAG 0.0148 0.0152 50*11 0.00803 0.00108 
(Abs. @ 525nm) 0.0215 0.0223 50*11 0.01529 0.00182 
0.0319 0.0375 50*il 0.02440 0.00300 
Cells 162 170 30*il 0.01529 0.00182 
(ng DNA/ml) 125 110 30*d 0.00803 0.00108 
254 255 30*il 0.02440 0.00300 
Measurements Sample Wet Weight Dry Weight 
M2S1 1 2 3 Size fe) (s) 
Collagen 0.1047 0.1053 0.01918 
(Abs. @ 557nm) 0.1103 0.1123 0.01903 
0.0572 0.0564 0.01072 
0.0827 0.0851 0.01470 
GAG 0.1181 0.1206 0.1184 50*11 0.02550 0.00364 
(Abs. @ 525nm) 0.0990 0.0983 0.0963 50*il 0.01518 0.00259 
0.1513 0.1540 0.1680 50*il 0.02797 0.00441 
0.0972 0.1014 0.0979 50*il 0.01891 0.00279 
Cells 310 320 20*il 0.02797 0.00441 
(ng DNA/ml) 274 284 20*il 0.02550 0.00364 
205 221 20*il 0.01891 0.00279 
207 218 20*il 0.01518 0.00259 
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Measurements Sample Wet Weight Dry Weight 
M2S0 1 2 3 Size (g) (g) 
Collagen 0.1001 0.1009 0.02036 
(Abs. @ 557nm) 0.1702 
0.1195 
0.1723 
0.1234 
0.03478 
0.01423 
GAG 0.0663 0.0604 0.0589 50*il 0.01423 0.00153 
(Abs. @ 525nm) 0.1453 0.1578 0.1657 50*tl 0.03124 0.00328 
0.1323 0.1215 0.119 50*U 0.02484 0.00249 
0.1725 0.1618 0.1812 50|xl 0.03865 0.00390 
Cells 98 104 98 5*il 0.01423 0.00153 
(ng DNA/ml) 200 186 197 5*il 0.03124 0.00328 
144 136 144 5*a 0.02484 0.00249 
236 213 219 5*il 0.03865 0.00390 
Measurements Sample Wet Weight Dry Weight 
M1S1 1 2 3 Size (g) (g) 
Collagen 0.2219 0.2193 0.03812 
(Abs. @ 557nm) 0.1546 
0.2565 
0.1568 
0.2541 
0.02546 
0.04462 
GAG 0.1255 0.1258 0.1254 50|xl 0.03307 0.00214 
(Abs. @ 525nm) 0.111 0.1163 0.1177 50*il 0.03223 0.00216 
0.1217 0.1258 0.128 50*il 0.03561 0.00221 
0.0948 0.1032 0.1013 50*il 0.03372 0.00197 
Cells 103 113 95 5*il 0.03307 0.00214 
(ng DNA/ml) 76 84 84 5*il 0.03223 0.00216 
94 91 93 5*ii 0.03561 0.00221 
74 76 84 5*1.1 0.03372 0.00197 
117 
Measurements Sample Wet Weight Dry Weight 
M0S2 1 2 3 Size fe) te) 
Collagen 0.1704 0.162 0.0243 
(Abs. @ 557mn) 0.2178 
0.1689 
0.2166 
0.1719 
0.02935 
0.02486 
GAG 0.0807 0.0849 0.0836 50*il 0.01908 0.00179 
(Abs. @ 525ran) 0.1065 0.1164 0.1121 50*L1 0.03182 0.00222 
0.1145 0.1189 0.1137 50*il 0.02959 0.00230 
Cells 142 145 146 %I 0.01908 0.00179 
(ng DNA/ml) 188 195 184 5|il 0.03182 0.00222 
188 185 192 5H1 0.02959 0.00230 
Measurements Sample Wet Weight Dry Weight 
M0S1 1 2 3 Size to) te) 
Collagen 0.1953 0.1977 0.03842 
(Abs. @ 557nm) 0.2435 
0.2528 
0.2437 
0.2538 
0.05241 
0.04679 
GAG 0.1007 0.0964 0.0962 20*1.1 0.04458 0.00309 
(Abs. @ 525nm) 0.0688 0.0704 0.0687 20*il 0.03264 0.00245 
0.0946 0.0974 0.0949 20*j1 0.04717 0.00306 
0.0738 0.0789 0.0717 20*il 0.03381 0.00238 
Cells 467 450 449 5*il 0.04458 0.00309 
(ng DNA/ml) 399 361 376 5*il 0.03264 0.00245 
437 431 429 5*il 0.04717 0.00306 
377 348 351 5*il 0.03381 0.00238 
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